1. Introduction {#sec1-polymers-11-00726}
===============

Aerogels have become one of the most exciting materials of the 21st century. The unique processing strategy produces materials with extremely high porosities and low densities, high specific surface areas, high dielectric strengths, and low thermal conductivities \[[@B1-polymers-11-00726],[@B2-polymers-11-00726]\]. These properties have made aerogels novel and intriguing materials for applications in aerospace, energy generation and storage, biomedical devices and implants, sensors, and coatings \[[@B2-polymers-11-00726]\]. Since the introduction of the silica aerogel by Kistler in the 1930s, aerogels have been made out of a variety of materials including metal oxides, chalcogenides, biopolymers, and resins to name a few. More recently, aerogels have entered the realm of nanotechnology, incorporating a variety of nanomaterials into the aerogel matrix and using such materials to create composite aerogels.

While an aerogel's network contains pores with diameters on the order of nanometers, incorporating nanomaterials into an aerogel has further enhanced the functional properties of the aerogels. Since this first use of carbon nanomaterials in the production of an aerogel structure, the utilization of a variety of nanomaterials for the development of high-performance aerogel structures has grown exponentially. For example, carbon nanomaterials such as carbon nanotubes, graphene, and carbon nanofibers have been incorporated into aerogels to improve the electrical conductivity and performance for applications such as supercapacitors, sensors, and batteries \[[@B1-polymers-11-00726],[@B3-polymers-11-00726]\]. In other earlier works, metal chalcogenide nanoparticles were used as quantum dots to create semiconductor aerogels for photovoltaic and sensing applications \[[@B4-polymers-11-00726]\]. In another effort, synergistic composites of nanostructured aerogels and metal oxides were fabricated using atomic layer deposition for catalytic membranes and gas sensors \[[@B5-polymers-11-00726]\].

In this review, recent trends regarding the fabrication and utilization of nanomaterials in high-performing composite aerogels are discussed. General aerogel fabrication schemes are outlined first, including a review on the fabrication of aerogels via 3D-printing techniques. Next, 1D and 2D nanomaterials commonly used for the synthesis of composite aerogels are discussed, including the nanomaterial's fabrication schemes. Finally, the application of aerogel composites of nanomaterials in environmental remediation, energy storage, controlled drug delivery, and tissue engineering are discussed.

2. Aerogel Fabrication Strategies {#sec2-polymers-11-00726}
=================================

The preparation of aerogels typically involves three distinct steps: (1) the sol-gel transition (gelation), (2) the network perfection (aging), and (3) the gel-aerogel transition (drying). Once the desired materials are selected for the fabrication of the aerogel, the precursor materials are dispersed in a liquid (i.e., colloidal dispersion) and allowed to gel, thus forming a continuous network of solid particles throughout the liquid \[[@B6-polymers-11-00726]\]. For some materials, the transition from a colloidal dispersion into a gel happens without the addition of crosslinking materials \[[@B7-polymers-11-00726]\]. For others, crosslinking materials are added to the dispersion to promote the strong interaction of the solid particles in order to form the gel \[[@B8-polymers-11-00726],[@B9-polymers-11-00726]\]. The gelation time depends heavily on a variety of factors such as the chemical composition of the precursor solution, the concentration of the precursor materials and additives, the processing temperature, and the pH \[[@B8-polymers-11-00726],[@B10-polymers-11-00726],[@B11-polymers-11-00726],[@B12-polymers-11-00726],[@B13-polymers-11-00726]\]. Many materials may require additional curing after gelation (i.e., network perfection) in order to strengthen the aerogel network \[[@B8-polymers-11-00726],[@B14-polymers-11-00726],[@B15-polymers-11-00726],[@B16-polymers-11-00726],[@B17-polymers-11-00726],[@B18-polymers-11-00726]\]. Once the gelation is completed, the gel is dried in such a way as to minimize the surface tension within the pores of the solid network. This is typically accomplished through supercritical fluid extraction using supercritical carbon dioxide (scCO~2~) or freeze-drying ([Figure 1](#polymers-11-00726-f001){ref-type="fig"}a,b). More recently, the aerogel fabrication scheme has been revolutionized in order to create 3D-printed aerogels ([Section 2.3](#sec2dot3-polymers-11-00726){ref-type="sec"}). This section briefly describes and compares the processing strategies of supercritical drying, freeze-drying, and 3D printing.

2.1. Supercritical Drying {#sec2dot1-polymers-11-00726}
-------------------------

To dry the gel, while preserving the highly porous network of an aerogel, supercritical drying employs the use of the liquid-gas transition that occurs beyond the critical point of a substance ([Figure 1](#polymers-11-00726-f001){ref-type="fig"}a and [Figure 2](#polymers-11-00726-f002){ref-type="fig"}). By using this liquid-gas transition that avoids crossing the liquid-gas phase boundary, the surface tension that would arise within the pores due to the evaporation of a liquid is eliminated, thereby preventing the collapse of the pores \[[@B6-polymers-11-00726]\]. Through heating and pressurization, the liquid solvent reaches its critical point, at which point the liquid and gas phases become indistinguishable. Past this point, the supercritical fluid is converted into the gaseous phase upon an isothermal de-pressurization. This process results in a phase change without crossing the liquid-gas phase boundary. This method is proven to be excellent at preserving the highly porous nature of the solid network without significant shrinkage or cracking. While other fluids have been reported for the creation of supercritically dried aerogels, scCO~2~ is the most common substance with a relatively mild supercritical point at 31 °C and 7.4 MPa. CO~2~ is also relatively non-toxic, non-flammable, inert, and cost-effective when compared to other fluids, such as methanol or ethanol \[[@B19-polymers-11-00726]\]. While being a highly effective method for producing aerogels, supercritical drying takes several days, requires specialized equipment, and presents significant safety hazards due to its high-pressure operation.

2.2. Freeze-Drying {#sec2dot2-polymers-11-00726}
------------------

Freeze-drying, also known as freeze-casting or ice-templating, offers an alternative to the high temperature and high-pressure requirements of supercritical drying. Additionally, freeze-drying offers more control of the solid structure development by controlling the ice crystal growth during freezing ([Figure 1](#polymers-11-00726-f001){ref-type="fig"}b) \[[@B20-polymers-11-00726],[@B21-polymers-11-00726],[@B22-polymers-11-00726],[@B23-polymers-11-00726]\]. In this method, a colloidal dispersion of the aerogel precursors is frozen, with the liquid component freezing into different morphologies depending on a variety of factors such as the precursor concentration, type of liquid, temperature of freezing, and freezing container \[[@B21-polymers-11-00726],[@B22-polymers-11-00726],[@B23-polymers-11-00726]\]. As this liquid freezes, the solid precursor molecules are forced into the spaces between the growing crystals. Once completely frozen, the frozen liquid is sublimed into a gas through lyophilization, which removes much of the capillary forces, as was observed in supercritical drying ([Figure 2](#polymers-11-00726-f002){ref-type="fig"}) \[[@B24-polymers-11-00726],[@B25-polymers-11-00726]\]. Though typically classified as a "cryogel", aerogels produced through freeze-drying often experience some shrinkage and cracking while also producing a non-homogenous aerogel framework \[[@B6-polymers-11-00726]\]. This often leads to freeze-drying being used for the creation of aerogel powders or as a framework for composite aerogels, as will be discussed in [Section 3](#sec3-polymers-11-00726){ref-type="sec"} and [Section 4](#sec4-polymers-11-00726){ref-type="sec"} of this review \[[@B26-polymers-11-00726],[@B27-polymers-11-00726],[@B28-polymers-11-00726],[@B29-polymers-11-00726],[@B30-polymers-11-00726]\].

2.3. 3D Printing {#sec2dot3-polymers-11-00726}
----------------

The three-dimensional printing (3DP) of aerogels is revolutionizing the field by enabling a fast and accurate fabrication of complex 3D porous structures, thereby introducing new functionalities, lower costs, and higher reliability in aerogel manufacturing \[[@B31-polymers-11-00726],[@B32-polymers-11-00726]\]. 3DP, in general, is a type of additive manufacturing technique that builds 3D objects through a layer-by-layer growth process \[[@B33-polymers-11-00726],[@B34-polymers-11-00726]\]. This technique makes it possible to fabricate highly customizable and complex structures for many industrial sectors in significantly reduced times while using a variety of materials such as polymers, ceramics, and metals \[[@B32-polymers-11-00726],[@B34-polymers-11-00726]\]. The 3DP of aerogels is considered a hybrid fabrication technique to produce extremely lightweight 3D structures, employing new depositional strategies for the creation of the 3D gel constructs while utilizing the common drying methods of supercritical drying and freeze-drying, as discussed previously.

3DP of aerogel techniques are categorized depending on the sol-gel transitions during the printing process. These categories include: (1) direct ink writing (DIW), where a gel is formed prior to printing \[[@B35-polymers-11-00726]\]; (2) stereolithography (SLA), where the sol-gel transition occurs during printing \[[@B36-polymers-11-00726]\]; and (3) inkjet printing (IJP), where the sol-gel transition occurs after printing ([Figure 3](#polymers-11-00726-f003){ref-type="fig"}) \[[@B37-polymers-11-00726]\]. SLA is a technique that prints 3D structures using photocurable materials through a process called photopolymerization, in which polymer layers solidify upon exposure to specific laser wavelengths ([Figure 3](#polymers-11-00726-f003){ref-type="fig"}a). IJP is a non-contact, droplet-based material deposition process, with the potential to be modified to deposit photocurable materials to achieve patterning with high resolution ([Figure 3](#polymers-11-00726-f003){ref-type="fig"}b). DIW is an extrusion-based printing technique that involves the deposition of continuous ink filaments, in a layer-by-layer fashion, to realize the 3D constructs ([Figure 3](#polymers-11-00726-f003){ref-type="fig"}c).

Similar to the traditional aerogel synthesis techniques, the 3D printing of aerogels comes with its own limitations. For instance, SLA requires the use of only photocurable materials, whereas DIW and IJP offer a lot more versatility when it comes to material selection. SLA often requires expensive accessories, masks, and tools, whereas DIW and IJP do not. However, DIW and IJP both suffer from nozzle blockage caused by nanofiller clusters or high viscosity materials, which is not observed in SLA techniques. SLA provides the advantage of rapid gelation, which is desirable as gelation is known to be time consuming, with some materials requiring significant curing (i.e., aging) in order to produce a structurally sound gel \[[@B33-polymers-11-00726]\]. DIW methods do not offer such rapid gelation; however, it is the most common 3DP technique for aerogels. IJP is a unique technique known for its novelty, simplicity, and ability to fabricate highly modified 3D aerogels as demonstrated in studies discussed later in the review.

As an example of 3DP, silica aerogels were produced through SLA \[[@B38-polymers-11-00726]\] where gels were 3D printed by illuminating photosensitive precursor solutions with a green laser beam (λ = 532 nm). Gelation of the precursor solutions containing an alkoxy-silane, a monomer, and a visible-light photoinitiator (Eosin Y) were triggered, not by the heat from the laser, but by the heat produced from polymerization. The internal heat evolution from the polymerization of the monomer (hexadiodiacrylate) overcame the activation energy for the condensation reaction of the alkoxy-silane (teteraorthosilicate), consequently forming a silica network. The gel was then supercritically dried, leaving behind a polymer crosslinked silica aerogel. Although the drying methods were conventional, the laser induced rapid gelation process added the benefit of ease in fabrication by cutting down the time required for gelation. A similar sol modification followed by SLA has realized hybrid constructs with crosslinked hexagonal honeycomb structures and aerogel cores \[[@B39-polymers-11-00726]\]. These modifications of the sol prior to gelation is a common theme in the fabrication of 3D printed aerogels. In some cases, the use of nanomaterials can mitigate issues that occur when a material is not directly printable using 3D printing technologies \[[@B35-polymers-11-00726]\]. In other cases, the incorporation of nanomaterials into 3D printed aerogels can create aerogels with optimized properties and added functionalities \[[@B35-polymers-11-00726]\]. The following sections will provide details regarding the use of nanomaterials in the 3D printing of aerogel macrostructures.

3. Nanostructured Materials for Aerogel Fabrication {#sec3-polymers-11-00726}
===================================================

One- and two-dimensional nanostructured materials such as carbon nanotubes and graphene have been used as building materials for aerogels. These nanoscale materials not only have large surface areas that provide sufficient contact to form scaffolds of aerogels, but also have intriguing properties (e.g., electrical conductivity, mechanical stability, thermal stability, etc.) that grant functionalities to aerogels.

3.1. One-Dimensional (1D) Nanomaterials {#sec3dot1-polymers-11-00726}
---------------------------------------

Since the first use of carbon nanotubes to modify silica aerogels in the early 2000s, many one-dimensional (1D) nanomaterials have been used extensively to develop the next generation of aerogels with improved mechanical, electrical, and chemical properties for outstanding performance in a variety of areas. Within this realm of aerogel production, nanocellulose, carbon nanotubes, and carbon nanofibers are the most intriguing 1D nanomaterials. This section details the fabrication and usage of such 1D nanomaterials for the fabrication of aerogels. Where appropriate, their use in the 3DP of aerogels is also discussed.

### 3.1.1. Carbon Nanotubes {#sec3dot1dot1-polymers-11-00726}

Since the first production of carbon nanotubes (CNTs) in 1991 by Iijima, intense research has been done to understand their physical and structural properties, and to understand how to utilize CNTs for a variety of applications \[[@B40-polymers-11-00726]\]. CNTs are carbon allotropes, with sp^2^ hybridized carbon atoms arranged into tubes \[[@B41-polymers-11-00726]\]. These tubes can be single-walled (SWCNTs) or composed of multi-walled tubes of concentric rings (MWCNTs). Remarkable electronic properties have been exhibited in CNTs, such as a lack of the skin effect \[[@B42-polymers-11-00726]\], current capacities reaching 10^9^--10^10^ A/cm^2^ \[[@B43-polymers-11-00726]\], and ballistic electronic transport in metallic CNTs \[[@B42-polymers-11-00726],[@B44-polymers-11-00726]\]. SWCNTs can be semi-conductive or metallic depending on their chiral angles and diameters \[[@B45-polymers-11-00726]\]. CNTs also exhibit excellent mechanical properties such as low densities (0.28--2 g/cm^3^) \[[@B46-polymers-11-00726]\], high tensile strengths of up to 63 GPa \[[@B47-polymers-11-00726]\], stability at elevated temperatures (up to 700 °C in ambient atmosphere) \[[@B43-polymers-11-00726]\], and elasticity \[[@B48-polymers-11-00726]\]. Additionally, CNTs are known to possess relatively high resistance to oxidation, requiring treatment with strong acids and high temperatures to break the π-conjugation on the nanotube surface \[[@B49-polymers-11-00726]\]. Their synthesis is abundantly sourced, as their precursor materials are carbon-based \[[@B50-polymers-11-00726]\].

CNTs have found great use as components and fillers in many composite systems, where the excellent properties of CNTs can be preserved and utilized for a variety of applications \[[@B51-polymers-11-00726],[@B52-polymers-11-00726]\]. Formation into aerogels can utilize their unique properties and surface area. To go through the typical freeze-drying or supercritical drying processes of aerogel formation, the CNT solution must first form a gel. CNTs possess a high surface area and easily aggregate in solutions. Therefore, modifying the nanotube surface is necessary for a gel network to form \[[@B53-polymers-11-00726]\]. The modification can be non-covalent, by coupling through π--π interactions with conjugated polymers, surfactants, or other nanomaterials like graphene oxide \[[@B54-polymers-11-00726]\]. Reports as early as 2007 showed a stable gel formation by dispersing CNTs with sodium dodecylbenzene sulfonate (NaDDBS) surfactant via bath sonication \[[@B55-polymers-11-00726]\]. The benzene ring of the surfactant interacts with the CNT surface and the sulfonate group disperses the CNTs into the solvent. For some of the samples, the as-formed gel was placed in a 1 wt% polyvinylalcohol (PVA) aqueous solution to remove the residual surfactant and deposit PVA into the gel. Incorporation of PVA was found to reinforce the final aerogel structure. Both supercritical drying and freeze-drying were used to form these aerogels. This early system achieved conductivities of 10^−2^ S/cm in their composite systems. Additionally, these aerogels were formed with between 10--60 mg/cm^3^ of CNTs, much higher than that of later studies.

CNTs are generally functionalized through a covalent bond formation between carbons on CNTs and other functional groups. The breaking of C--C bonds on CNTs may detrimentally affect the electrical conductivity and mechanical properties. Zou et al. have utilized the non-covalent π--π interactions between poly(3-hexylthiophene)-b-poly(3-(trimethoxysilyl) propyl methacrylate) (P3HT-b-PTMSPMA) and CNTs to produce CNT dispersions in chloroform. The P3HT forms a strong interaction with the CNT conjugated surface, and the PTMSPMA disperses nanotubes into the solvent. The subsequent hydrolysis and condensation of trimethoxylsilyl groups in PTMSPMA introduced strong and permanent chemical bonding between CNTs, leading to a CNT wet gel. A standing MWCNT aerogel monolith with a density of 4 mg/cm^3^ was obtained after the liquid component was removed from the MWCNT wet gel ([Figure 4](#polymers-11-00726-f004){ref-type="fig"}a). The MWCNT aerogel had an ordered macroporous honeycomb structure with straight and parallel voids in 50--150 μm separated by less than 100 nm thick walls ([Figure 4](#polymers-11-00726-f004){ref-type="fig"}b,c). The aerogel has a surface area of 580 m^2^/g, which is much higher than that of pristine MWCNTs (241 m^2^/g). Despite the ultra-low density, the MWCNT aerogels had excellent compression recoverable property and electrical conductivity of 0.67 S/cm \[[@B56-polymers-11-00726]\].

Composite aerogels of CNTs with other nanomaterials such as graphene oxide (GO) have been shown to improve their mechanical properties \[[@B54-polymers-11-00726],[@B57-polymers-11-00726]\]. Peng et al. generated aerogels of GO with and without CNTs \[[@B54-polymers-11-00726]\]. They utilized the hydrothermal method, heating aqueous dispersions for 12 h at 180 °C in a Teflon-lined autoclave. The hydrothermal method partially reduces the GO and the loss of oxygen-containing functional groups restores some conjugation to the GO structure, which produces strong π--π interactions between the CNTs and GO. The pure GO structures deform permanently once loaded to a strain of 25%. With the addition of CNTs, the aerogels can bear a strain load of 80% with full structural recovery. GO-based aerogels have performed well for many applications, and a further discussion of GO-based aerogels can be found in [Section 3.2.1](#sec3dot2dot1-polymers-11-00726){ref-type="sec"}.

Another method for modifying the CNT surface is through a direct chemical modification followed by crosslinking with other materials. While CNTs possess good chemical resistance, direct modification can be achieved through the use of strong oxidizing or reducing agents to generate reactive sites on the nanotube surface \[[@B49-polymers-11-00726]\]. This enables crosslinking between CNTs and other components within the solution. These reactive sites also provide a site for further modification. De Marco et al. utilized a reduction scheme to crosslink the SWCNTs to each other, generating a network \[[@B58-polymers-11-00726]\]. A one-pot reaction of sodium/naphthalene in *N*,*N*-dimethylacetamide (DMAc) produced negative charges on the surface of the tube, with *p*-Diiodobenzene crosslinking the SWCNTs. A low mass density of 2.3 mg/cm^3^ was achieved with conductivities up to 9.4 S/cm. These oxidized surface sites can also act as a site for surface-initiated polymerization, resulting in composite materials of CNTs covalently bound to polymer chains prior to gel formation, such as the polyimide system demonstrated by Zhu et al. \[[@B59-polymers-11-00726]\]. Concentrated acid was used to generate carboxylic acid groups on the surface, and treatment with thionyl chloride grafted material, formed the acyl chloride. Further treatment by 4,4′-Oxydianiline (ODA) produced an amine in the surface. The functionalized CNTs were added to a polymerization reaction between 3,3′,4,4′-biphenyltetracarboxylic dianhydride (BPDA) and ODA, and the ODA attached to the nanotube surface would crosslink with the growing polymer chains. Finally, chemical imidization and supercritical drying produced the composite material. Pure polyimide aerogels were found to have Young's modulus of 2.5 MPa, which was improved 292% to 9.8 MPa with the addition of 0.5 wt% CNTs to the composite.

Lightweight, high-performance CNTs in the form of aerogels and porous scaffolds benefit from a composite-based system, providing access to many materials not otherwise observed \[[@B50-polymers-11-00726],[@B56-polymers-11-00726]\]. Strong forces can result in the irreversible deformation and collapse of monolithic structures; an effective approach has been to incorporate polymers and other nanomaterials to generate high-performance CNT aerogel composites \[[@B60-polymers-11-00726]\]. This has been achieved through various methods, which generate non-covalent and covalent bonds between the composite materials. These structures take advantage of the natural properties of the CNTs in addition to their increased surface area. CNTs can also improve the mechanical and electrical properties of other aerogel systems, especially with other nanomaterials where synergistic effects are observed. For example, their addition into a composite system with other low dimensional materials, such as sheets of 2D graphene oxide, helps to prevent re-stacking of the sheets and improve the mechanical properties \[[@B61-polymers-11-00726]\]. While this section has covered CNT aerogel formation and methods to improve their properties, later sections cover CNTs in composites systems for several applications. Their incorporation into varying aerogel systems has produced functional materials capable of chemical and bio-sensing \[[@B62-polymers-11-00726]\], strain sensing \[[@B63-polymers-11-00726]\], microwave absorption \[[@B64-polymers-11-00726]\], separation of oil-in-water emulsions \[[@B65-polymers-11-00726]\], sorptive structures for dyes and oils \[[@B66-polymers-11-00726],[@B67-polymers-11-00726]\], supercapacitors ([Section 4.2.1](#sec4dot2dot1-polymers-11-00726){ref-type="sec"}), lithium ion batteries ([Section 4.2.2](#sec4dot2dot2-polymers-11-00726){ref-type="sec"}), hydrogen evolution \[[@B68-polymers-11-00726]\], solar cells \[[@B69-polymers-11-00726],[@B70-polymers-11-00726]\] among other applications not listed.

### 3.1.2. Nanocellulose {#sec3dot1dot2-polymers-11-00726}

The first nanocellulose aerogel was demonstrated by Pääkkö et al., where a solution of cellulose nanofibers was formed into a gel and freeze-dried to fabricate aerogel structures. The resulting aerogel had a porosity of 98.7% and exhibited better mechanical properties compared to its macroscopic counterpart \[[@B71-polymers-11-00726]\]. Cellulose-based nanomaterials (nanocellulose) can provide a completely bio-friendly, biodegradable, and renewable material for the development of many carbon-based nanomaterials including aerogels \[[@B72-polymers-11-00726],[@B73-polymers-11-00726],[@B74-polymers-11-00726]\]. The advantage of using nanocellulose is based on its high abundance and renewability in addition to its excellent mechanical properties and ease of surface modification \[[@B74-polymers-11-00726],[@B75-polymers-11-00726]\]. In addition, the morphology and structure of nanocellulose vary depending on the cellulose source and the processing parameters \[[@B75-polymers-11-00726],[@B76-polymers-11-00726]\]. This makes nanocellulose a valuable material for the production of aerogels and aerogel-based composites tailored for specific applications. When compared to traditional cellulose materials, nanocellulose has a higher crystallinity and aspect ratio, resulting in very low shrinkage (\<7%) when fabricated as a highly porous aerogel \[[@B72-polymers-11-00726]\]. However, during the drying process, nanocellulose is often prone to self-agglomeration, slowing the advancement of nanocellulose in the fields of aerogel and aerogel composite development \[[@B77-polymers-11-00726]\].

As mentioned before, the structure of nanocellulose is highly variable and depends on the source of the cellulose and the processing parameters. For example, nanocellulose can be extracted from either plants or animal sources such as sea tunicates \[[@B74-polymers-11-00726],[@B78-polymers-11-00726]\], wood pulp \[[@B76-polymers-11-00726]\], and *Miscanthus x Giganteus* \[[@B79-polymers-11-00726]\]. Based on the preparation process, nanocellulose is usually divided into two groups: (1) cellulose nanocrystals (CNC) and (2) cellulose nanofibrils (CNFs) \[[@B80-polymers-11-00726]\]. The production of CNCs is typically the result of acid hydrolysis \[[@B80-polymers-11-00726]\]. Traditionally, this process uses sulfuric acid to produce sulfonated CNCs; however, other acids have been used to produce CNCs with other surface functional groups. The production process of CNFs, however, usually requires chemical pretreatment followed by mechanical stimulation such as homogenization, micro-fluidization, or super-grinding \[[@B81-polymers-11-00726]\]. Acid hydrolysis yields CNCs with a diameter of only a few nanometers and a length of 10--500 nm. However, the chemical and mechanical treatment of CNFs result in nanocellulose materials with a significantly lower aspect ratio with diameters on the order of 3--50 nm and only be a few micrometers long \[[@B75-polymers-11-00726]\].

In addition to CNCs and CNFs, there is a third type of nanocellulose known as bacterial cellulose (BC), which is formed though microbial fermentation \[[@B73-polymers-11-00726],[@B82-polymers-11-00726]\]. Compared to plant-based cellulose, bacterial cellulose has a higher degree of polymerization (\>80%) \[[@B72-polymers-11-00726]\]. Bacterial cellulose is secreted by some of the bacteria in the genera *Acetobacter, Argobacterium, Alcaligenes, Pseudomonas, Rhizobium,* and *Sarcina* \[[@B83-polymers-11-00726]\]. By adjusting the bacterial strain and constituents in the culture medium, the structure of the BC nanofiber can be altered and developed for specific applications \[[@B84-polymers-11-00726]\].

The fabrication of nanocellulose aerogels begins with the formation of a hydrogel. The gel formation is assisted by a large number of hydroxyl groups native to the cellulose that allow for crosslinking free of a crosslinking agent. The high stability of the gel is due to the physical crosslinks attributed to the hydrogen bonds. After gelation is achieved, the gel is then dried either through freeze drying or supercritical drying \[[@B72-polymers-11-00726]\]. Many studies have utilized this method to produce nanocellulose aerogels for applications such as food packaging, thermal insulation, catalyst systems, shape memory aerogels, drug release, tissue engineering, and supercapacitors \[[@B77-polymers-11-00726],[@B81-polymers-11-00726],[@B85-polymers-11-00726],[@B86-polymers-11-00726],[@B87-polymers-11-00726],[@B88-polymers-11-00726],[@B89-polymers-11-00726]\].

Nanocellulose is also a candidate for the 3D printing of aerogels, specifically due to the high Young's modulus and inherently low density \[[@B74-polymers-11-00726],[@B75-polymers-11-00726],[@B90-polymers-11-00726]\]. In one study, CNC-based aerogels were 3D printed through DIW methods, where computer aided design (CAD) limitations, gel formulations, processing parameters, and nozzle tips were explored to optimize the printing process \[[@B90-polymers-11-00726]\]. As shown in [Figure 5](#polymers-11-00726-f005){ref-type="fig"}, aerogels with a dual-pore structure were obtained. Structural pores from the printing process had an average size of 600 μm while the pores from the aerogel fabrication ranged from 20 to 800 μm. Additionally, a variety of macrostructures such as an octet cube, a pyramid, a hexagonally twisted vase, a nose model, an ear model, and a honeycomb pattern were fabricated in the aerogels, demonstrating the high flexibility of this printing technique. Little shrinkage or network damage was observed after freeze-drying, likely due to the high Young's modulus and strong hydrogen bonding between the CNCs. The dual-pore structures shown in this work demonstrated the applicability of such a technique for novel tissue engineering approaches, where the novel scaffolds could provide easy nutrient and oxygen transport, thereby promoting proliferation of cells throughout the entire structure.

CNFs are longer, thicker, and softer than CNCs, allowing the material to form deformable networks through physical entanglements and hydrogen bonding. However, the disadvantage of CNF is the inability to be homogeneously dispersed for DIW processing. To address this limitation, Li et al. modified the surface of CNFs with tetramethyl-1-piperdinyloxy (TEMPO), giving TEMPO-functionalized CNFs (T-CNF). The chemically modified T-CNF was defibrillated due to the increased surface repulsive charge of individual fibers, rendering it processable as a printable ink for DIW constructs \[[@B91-polymers-11-00726]\]. The carboxylic groups of the T-CNF facilitated Kymene crosslinking, creating an interpenetrating network of T-CNF and polymerized Kymene. This allowed the aerogel to maintain structural integrity both under water and under an applied force. The average Young's modulus of un-crosslinked T-CNF aerogels was 2.1 ± 0.1 MPa and was found to increase to 3.2 ± 0.2 MPa after crosslinking. Using this method, the CNF-based ink was able to accurately and reproducibly print 3D structures. In addition, post-processing of the printed CNF aerogels demonstrated improved mechanical and chemical properties of the final aerogel.

Another study of CNF aerogels explored the post-processing and drying of CNF gels after printing \[[@B92-polymers-11-00726]\]. The CNF hydrogels contained 2 wt% cellulose (98 wt% water) and were printed via DIW. The printed grid cube was strong enough to support itself; however, the cube was transferred to a CaCl~2~ bath in order to reduce the surface charge of the fibrils, thereby allowing the crosslinking of the fibrils with one another, consequently increasing the strength of the structure. The structures were then dried by one of four different methods: (i) air drying, (ii) air drying in the presence of surfactants, (iii) solvent exchange before drying, and (iv) freeze drying, as depicted in [Figure 6](#polymers-11-00726-f006){ref-type="fig"}. The freeze-dried method exhibited a highly porous structure without much shrinkage or distortion of the original structure, whereas the air-died aerogel collapsed in the z-direction ([Figure 6](#polymers-11-00726-f006){ref-type="fig"}b). When tested for mechanical robustness, it was found that the freeze-dried aerogels had a tensile strength of 3.9 ± 2.7 MPa and a mean stiffness of 0.031 ± 0.019 GPa. The rest of the printed cubes were dried in air and had a mean ultimate tensile strength of 114 ± 14 MPa and mean stiffness of 4.3 ± 0.3 GPa. When dried in air in the presence of surfactants, the printed cubes resulted in significant shrinkage, but still managed to retain their 3D structures due to homogenous drying. The solvent exchange study was performed so that a less polar liquid than water could retain the structure as it is air-dried; however, the cubes resulted in similar shrinkage as for the surfactant method. Additionally, they found a large difference in the surface structures of the gels between fast and slow drying, where ice crystal growth has an effect on the timescale of particle rearrangement. They found that slow freezing produced rougher surface and fast drying resulted in dimensional stability. Ultimately, this study shows the versatility in tuning CNF aerogel properties, even after print, by controlling the post-processing and drying process.

### 3.1.3. Nanofibers {#sec3dot1dot3-polymers-11-00726}

Nanofibers are slender, elongated thread-like structures with nanoscale-sized diameters. These structures hold many advantages, such as excellent mechanical performance, small aperture, tunable porosity, and high surface area to unit mass ratio \[[@B93-polymers-11-00726],[@B94-polymers-11-00726]\]. Additionally, nanofibers can be produced from a wide selection of polymers, all with different physical properties, leading to the ability to tailor the nanofiber for use in specific applications \[[@B94-polymers-11-00726]\]. Nanofibers can also be coupled with other compounds and nanostructures to introduce novel and enhanced properties to nanostructured materials \[[@B93-polymers-11-00726]\].

Many methods, including drawing, phase separation, template synthesis, self-assembly, melt-blowing, biocomponent extrusion, force-spinning, and electrospinning, have been used to produce nanofibers \[[@B95-polymers-11-00726],[@B96-polymers-11-00726],[@B97-polymers-11-00726],[@B98-polymers-11-00726],[@B99-polymers-11-00726],[@B100-polymers-11-00726]\]. Drawing involves a micromanipulator which touches a polymer liquid droplet and draws out a single nanofiber \[[@B95-polymers-11-00726]\]. Phase separation into a fibrous macro-structure is applicable only in certain polymers such as nanocellulose, which was discussed in [Section 3.1.2](#sec3dot1dot2-polymers-11-00726){ref-type="sec"}. Template synthesis uses unique templates or membranes that contain nanopores in order to extrude nanofibers when pressure is applied to the template \[[@B96-polymers-11-00726]\]. Self-assembly involves building very fine fibers from smaller molecules and is common to form peptide-amphiphile nanofibers \[[@B97-polymers-11-00726]\]. These methods are often used for the lab-scale synthesis of nanofibers due to their low rate of producing nanofibers. For large-scale industrial applications, melt-blowing, biocomponent extrusion, force-spinning, and electrospinning are often used. Biocomponent extrusion, also known as islands-in-the-sea, uses a melt blend of two immiscible polymers to spin a bicomponent blended fiber with an island-in-the-sea morphology \[[@B98-polymers-11-00726]\]. Force-spinning, or centrifugal spinning, utilizes force to pump the polymer solution out of an orifice that is rotating at high speeds to create a large amount of long, stretched fibers (similar to a cotton candy machine) \[[@B99-polymers-11-00726]\]. Melt-blowing involves extruding or blowing out the polymer melt by blowing high-speed gases out of small nozzles \[[@B100-polymers-11-00726]\].

While all of these aforementioned methods are utilized extensively in the production of nanofibers, electrospinning is the method utilized the most for nanofiber production due to its low cost, high versatility, robustness, and high throughput compared to the other techniques \[[@B93-polymers-11-00726],[@B94-polymers-11-00726]\]. Drawing, template synthesis, and self-assembly are limited to laboratory usage due to its low production rate and thus can be challenging to get large dispersions of nanofibers for macro-structure fabrication such as aerogels \[[@B99-polymers-11-00726]\]. Even higher throughput routes such as melt-blowing, bicomponent extrusion, and force-spinning are limited in polymer selection and require expensive equipment \[[@B99-polymers-11-00726]\]. Electrospinning is an electro-hydrodynamical process that is composed of two stages: jet formation and fiber stretching ([Figure 7](#polymers-11-00726-f007){ref-type="fig"}) \[[@B94-polymers-11-00726]\]. First, an electrical field is applied to a polymer solution which results in the sharpening of a droplet into a cone shape followed by an inversion stage where a fiber jet is formed \[[@B94-polymers-11-00726]\]. As the jet travels to the collector, the charges within the fiber matrix repel each other causing bending instabilities. These bending instabilities stretch the fibers yielding structures with nanometer sized diameters \[[@B94-polymers-11-00726]\]. This results in the large production of continuous polymer fibers and fibers with various configurations such as core-shell and hollow fibers due to the selection of nozzle equipment \[[@B101-polymers-11-00726]\].

Creating an aerogel out of nanofibers enhances the specific surface area, improves the mechanical properties, and promotes innovative functionality in the aerogel structure. To produce the nanofibrous aerogels, supercritical drying or freeze-drying is performed on dispersions containing single nanofibers or nanofiber mats obtained from electrospinning. When making aerogels out of nanofiber mats, the mats are often cut into smaller fragments through sonication (i.e., dispersion cut) prior to aerogel formation \[[@B102-polymers-11-00726]\]. One example of an aerogel derived from a single-nanofiber dispersion is the freeze-drying of a native or 3D-printed cellulose nanofibril gel dispersion, which was discussed in [Section 3.1.2](#sec3dot1dot2-polymers-11-00726){ref-type="sec"}. In another work, a composite aerogel was fabricated by freeze-drying a homogeneous solution of electrospun SiO~2~ nanofibers, polyacrylamide, and aluminoborosilicate (AlBSi) \[[@B103-polymers-11-00726]\]. During the freezing of the composite solution, the nanofibers gathered along the edges of the ice-crystals, giving a hierarchical lamellar structure in the final aerogel, differing from the typical circular porous structure found in other ceramic aerogels. Calcination of the aerogel removed the organic component, cementing the nanofibers within the network, and creating the amorphous SiO~2~ nanofiber-AlBSi ceramic aerogel. The resulting ceramic aerogel was found to have an ultralow density (0.15 mg/cm^3^), a porosity of 99.993% with pores ranging from 100--1000 nm, and a high elasticity. Interestingly, this aerogel was also found to be flame resistant. In another example, nanofiber mats composed of pullulan and poly(vinyl alcohol) were dispersion cut and freeze-dried to create a composite aerogel \[[@B102-polymers-11-00726]\]. The porosity of the aerogel was found to be tunable as a higher volume fraction of nanofibers caused a decrease in the porosity of the aerogel. Additionally, more than one type of nanofiber mat can be combined during homogenization to provide different compositions and properties of the resulting aerogels. For example, one research group homogenized a mixture of two types of electrospun mats, polyacrylonitrile/bifunctional benzoxazine (PAN/BA-a) and SiO~2~ \[[@B104-polymers-11-00726]\]. The dispersion of nanofiber mats was freeze-dried and crosslinked in situ in order to obtain a stable, hybrid aerogel comprised of both organic and inorganic nanofibers. The density can be tuned in the range of 0.53--9.6 mg/cm^3^ by varying the concentrations of the starting nanofiber dispersions. When tested in strain, such an aerogel was found to have a maximum stress value of 10.6 kPa (first elastic regime) while showing a strain of 36.1 kPa at 80% strain.

However, there are a few shortcomings when using electrospinning techniques. Firstly, electrospinning involves the use of high voltages, introducing a significant safety concern \[[@B94-polymers-11-00726]\]. In addition, there are many instabilities within the electrospinning process such as the lack of precise control over the polymer flow rate, electrical field, and droplet drying \[[@B101-polymers-11-00726]\]. Consistent monitoring, safety checks, and maintenance are required to ensure consistent fiber production. Furthermore, the production rate with single-nozzle electrospinning is low and the cost per gram of such fibers is high \[[@B99-polymers-11-00726]\]. Various groups have begun to mitigate this by utilizing multi-nozzle or nozzle-free electrospinning \[[@B93-polymers-11-00726],[@B99-polymers-11-00726]\].

In recent attempts to mitigate the concerns of the aforementioned processing strategies, a new bottom-up approach called hydrothermal carbonization (HTC) has been used to produce nanofibers \[[@B105-polymers-11-00726],[@B106-polymers-11-00726]\]. In this technique, organic compounds are treated in an aqueous environment at high temperatures (150--350 °C) and ambient pressures in order to form carbonaceous solid products. Qian et al. synthesized carbon nanofibers through HTC \[[@B106-polymers-11-00726]\] where glucose was self-assembled and grown around tellurium nanofibers, which served as a structural template for the aerogel. The solution containing the glucose and tellurium nanofibers was etched and washed to remove the inorganic materials prior to being freeze-dried to obtain the desired HTC-carbon nanofiber aerogel. In another study, the HTC-carbon nanofiber aerogel was synthesized from glucosamine, a nitrogen-containing carbohydrate \[[@B107-polymers-11-00726]\]. This resulted in the formation of a nitrogen-doped carbon aerogel with enhanced electrical conductivity ([Figure 8](#polymers-11-00726-f008){ref-type="fig"}). The main benefit of this technique over electrospinning is the ability to control the diameters of the resulting fibers. HTC has produced nanofibers with very fine diameters (minimum: 25 nm) with a narrow size distribution, resulting in smaller secondary pore sizes \[[@B108-polymers-11-00726]\]. In addition, a high yield of the converted carbon solids is obtained using HTC \[[@B73-polymers-11-00726],[@B108-polymers-11-00726]\]. The downside of the HTC approach is that costly tellurium nanofibers are often used to guide the growth of the carbon nanofibers \[[@B108-polymers-11-00726]\]. Future work could utilize other materials, such as low-cost inorganic nanowires and cellulose nanofiber, for the structural template making HTC a more feasible option.

3.2. Two-Dimensional (2D) Nanomaterials {#sec3dot2-polymers-11-00726}
---------------------------------------

Two-dimensional nanomaterials have been extensively investigated for aerogel fabrication since Novoselov and Geim reported novel physical properties of graphene in 2004 \[[@B109-polymers-11-00726]\]. Graphene and a variety of 2D nanomaterials have been recognized as an extraordinary material for the creation of lightweight, aerogel-based composites for various applications.

### 3.2.1. Graphene and Its Derivatives {#sec3dot2dot1-polymers-11-00726}

Graphene is a one-atom-thick, hexagonal honeycomb structure of sp^2^ hybridized carbon. Its unique structure yields extraordinary physical, chemical and mechanical properties. Graphene has an outstanding charge carrier mobility of 2.5 × 105 cm^2^/V⋅s at room temperature, a high thermal conductivity of 3000 W/m⋅K, and a good optical transparency of 97.7% \[[@B110-polymers-11-00726],[@B111-polymers-11-00726]\]. Graphene also possesses a high theoretical surface area of 2630 m^2^/g, a Young's modulus of 1 TPa with a strength of 130 GPa, and a low density \[[@B112-polymers-11-00726],[@B113-polymers-11-00726]\].

Processing of pristine graphene is quite difficult, as it cannot be dispersed in solvents due to the high aspect ratio of the graphene sheets and the strong π--π interactions \[[@B114-polymers-11-00726]\]. To generate a graphene structure which can be easily dispersed in a variety of solvents without rapid aggregation, oxygen functional moieties are generated on edges and basal planes of graphene sheets, producing graphene oxide (GO). Functional groups, such as epoxy, hydroxyl, carbonyl, and carboxylic groups, dramatically increase the aqueous solubility of graphene and promotes the interaction with polymers and other materials \[[@B115-polymers-11-00726]\]. Even with functional groups, GO sheets can aggregate due to π--π interactions if a solution is too concentrated, thereby losing the properties of the hydrogel. To avoid such a network collapse, GO suspensions are typically freeze-dried immediately after dispersion. For example, researchers recently demonstrated a revolutionary process to freeze-dry such GO suspensions to create a radially aligned aerogel, something that was previously not observed previously with freeze-drying techniques ([Figure 9](#polymers-11-00726-f009){ref-type="fig"}) \[[@B22-polymers-11-00726]\]. GO-based aerogels can be reduced to recover some conjugated carbon bonds if the electrical conductivity is desired \[[@B116-polymers-11-00726]\].

The aggregation of GO can be alleviated through compositing the GO suspensions with polymeric materials prior to the formation of the aerogel structure \[[@B117-polymers-11-00726],[@B118-polymers-11-00726],[@B119-polymers-11-00726]\]. When the polymer is incorporated into the graphene system, crosslinking occurs between the polymer and graphene or its derivatives. While this interaction can happen by a variety of different mechanisms, this crosslinking transforms the graphene-polymer solution into a gel that can be dried into the desired aerogel. On one hand, hydrogen-bonding and π--π interactions in this system can guide the crosslinking reaction, following a so-called direct self-assembly method \[[@B120-polymers-11-00726]\]. On the other hand, reducing agents can be added to the system to promote crosslinking via covalent bonding. Different kinds of methods can be used to combine the polymer matrixes with the graphene sheets. These methods include solution mixing \[[@B121-polymers-11-00726],[@B122-polymers-11-00726],[@B123-polymers-11-00726],[@B124-polymers-11-00726]\] and sol-gel processing \[[@B125-polymers-11-00726],[@B126-polymers-11-00726],[@B127-polymers-11-00726]\]. The methods are chosen based on the properties of the polymer to be composited with the graphene. Solvent mixing is the simplest, yet most widely used, method to mix a polymer with GO. A GO dispersion and a polymer solution can be mixed followed immediately by freeze-drying. The composite is then formed by the phase separation that occurs during freeze-drying. The sol-gel method of composite formation happens after the mixing of GO and polymer, where the gelation of the polymer provides an excellent base to form a hydrogel-based composite with the GO prior to freeze-drying. Combining graphene with a polymer to create a composite aerogel has a lot of advantages, leading to many applications that will be discussed in [Section 4](#sec4-polymers-11-00726){ref-type="sec"}.

Some studies have investigated the feasibility of the 3DP (three-dimensional printing) of graphene aerogels. Such techniques would be excellent for tailoring the microarchitecture of the graphene aerogel for specific applications such as all-solid-state-batteries, micropressure sensors, flexible electrodes, and electrochemical catalyst templates \[[@B128-polymers-11-00726]\]. In a study by Zhang et al., graphene aerogel lattice architectures were 3D printed using a modified inkjet printing (IJP) technique \[[@B37-polymers-11-00726]\]. This 3DP method was relatively simple with only dilute aqueous GO solutions (1 mg/mL) being used as the printing material. In this IJP technique, the GO suspension was frozen by selectively solidifying the solution onto ice crystals that were grown on a cold sink cooled to −25 °C. These ice crystals were built with water droplets frozen during printing and the GO suspension was only ejected dropwise when needed. When the liquid solution was deposited on top of the previous layer, the newly deposited material melted the previous layer. The two layers mixed in this melted state and refroze together, firmly bonding the two layers to achieve the structural integrity desired. The 3D printed GO ice lattice was then immersed in liquid nitrogen for 30 min in order to achieve critical freezing and was subsequently further frozen in a freezer (−80 °C) for 24 h. This allowed for the sufficient assembly of the GO sheets. Once completely frozen, the materials were dried via freeze-drying for 48 h. Subsequent thermal treatment at 1000 °C for 30 min in an argon atmosphere reduced the GO to rGO. The use of a dilute GO suspension resulted in a very low density (0.5--19 mg/cm^3^) aerogel with a larger surface area when compared to other 3D printed graphene aerogels. The use of a multi-nozzle, drop-on-demand IJP technique coupled with freeze-drying enabled the control of both the micro- and macrostructure of the graphene aerogel. This resulted in an aerogel with high electrical conductivity of approximately 15.4 S/m, as well as high compressibility. The limitation of IJP arises as the 3D printed structure grows in the z-direction because maintaining a uniform temperature throughout the growing structure becomes increasingly difficult, which may affect the structural integrity of the final aerogel. Thus, a majority of 3D printed graphene aerogels are fabricated by DIW where a gel is obtained prior to deposition, as opposed to after deposition as in IJP.

DIW (direct ink writing) provides a technique to fabricate 3D structures continuously without external support structures, leading to the construction of more complex structures. However, the challenge of DIW is the design of the gel-based viscoelastic ink. Ideally, these inks have non-Newtonian shear thinning behavior \[[@B129-polymers-11-00726]\] to enhance the shape retention as it facilitates the flow of the ink. As for DIW 3DP of graphene aerogels, printable graphene-based inks with a high viscosity and self-supporting shape integrity after deposition are required. Often, these are obtained by adding functional fillers or nanomaterials, such as conductive nanoparticles or nanofibers, to the graphene suspension. Zhu et al. developed a printable graphene-based ink, while maintaining the intrinsic properties of the graphene sheets \[[@B130-polymers-11-00726]\]. In this work, the inks in this study were either gelled using the native functionality on GO or gelled using organic sol-gel chemistry. The former was achieved through the use of ammonium carbonate solution and fumed silica. The latter process was achieved by preparing a mixture consisting of an aqueous solution of resorcinol, formaldehyde, and sodium carbonate catalyst, which was then mixed with the GO suspensions and fumed silica. The main difference between these two gelation methods was the microstructure obtained after drying. The aerogel obtained via organic sol-gel chemistry resulted in a more open, less crosslinked microstructure where the graphene sheets were free to bend and buckle under compression. They also exhibited substantial recovery when the load was removed ([Figure 10](#polymers-11-00726-f010){ref-type="fig"}). Such lattices demonstrated good electrical conductivity, low densities, large surface areas, super compressibility, and stiffness when compared to bulk graphene with a similar geometric density.

Although DIW has the ability to obtain tailorable graphene aerogels, the additives required to obtain printable graphene ink lead to intercalation and weak π--π stacking among the graphene sheets. Such additives significantly hinder the mechanical and electrical properties of the resulting graphene macrostructure. Thus, rather than printing 3D graphene lattices directly, one study utilized a template-mediated 3D printing of graphene lattices \[[@B31-polymers-11-00726]\]. As shown in [Figure 11](#polymers-11-00726-f011){ref-type="fig"}, hollow polymer lattice architectures were designed and printed using SLA techniques. First, a photocurable polymer was used to 3D print a hollow lattice. Then, an ink mixture composed of GO and ethylenediamine (EDA) (1:3 vol. %) was injected into these hollow lattices and allowed to gel via a hydrothermal reaction (120 °C for 6 h). The gels were then freeze-dried to obtain the 3D GO aerogel/polymer composite lattice. The samples were thermally annealed (120 °C for 6 h) to decompose the polymer template. The template-mediated lattices were characterized to compare against the graphene aerogel bulk structure and was found to exhibit improved mechanical and electrical properties. The macrostructure realized by 3DP resulted in mechanical properties such as high fracture resistance. The graphene lattice had a Young's modulus around 1.05 MPa while the bulk graphene aerogels had a Young's modulus around 28 KPa. The graphene lattices also demonstrated high electrical conductivities of 0.11 and 0.81 S/cm corresponding to an aerogel density of 1.58 and 10.16 mg/cm^3^, respectively. This is significantly higher than the conductivity of 0.154 S/cm at a density of 10 mg/cm^3^ that was exhibited by previously reported 3D printed graphene aerogels \[[@B130-polymers-11-00726],[@B131-polymers-11-00726]\]. This study found that implementing hydrothermal assembly of GO within stereolithography-based hollow polymer templates prevented the shrinkage of the resulting aerogel, minimized shrinkage induced fracture or collapse, and improved the electrical properties when compared to previously reported 3D printed graphene aerogels.

### 3.2.2. Other 2D Materials {#sec3dot2dot2-polymers-11-00726}

Although graphene shows remarkable physicochemical properties, alternative 2D materials are also of extreme interest for the creation of aerogels. While many of these materials have yet to be synthesized, hundreds of 2D materials have been predicted to be stable, such as metal disulfides, transition metal oxides, and transition metals, all with structures very similar to graphene \[[@B132-polymers-11-00726]\]. It is apparent that such materials have a high potential for the future development of nanostructured devices and materials designed for highly specific applications. Materials such as molybdenum disulfide (MoS~2~) and tungsten diselenide (WSe~2~) have high stability and are relatively low in cost \[[@B133-polymers-11-00726]\]. MoS~2~ has been extensively studied for a variety of applications. They exhibit high stability and low costs; however, unlike graphene, they possess a band gap \[[@B133-polymers-11-00726]\]. Difficulties in the preparation of pure MoS~2~ scaffolds with large surface areas have been documented, but the use of graphene scaffolds has significantly mitigated this shortcoming of MoS~2~ fabrication and has enabled the production of high-surface-area MoS~2~ \[[@B134-polymers-11-00726]\]. The as-generated composite structure exhibited excellent NO~2~ sensing properties over pure carbon aerogels. Graphene scaffolds have a dual purpose in this composite---it serves as both a scaffold for the fabrication of high surface area MoS~2~ and introduces a highly conductive network into the composite.

MoS~2~ and silver (Ag) nanoparticles were integrated with graphene to obtain DIW printed hybrid graphene aerogels \[[@B135-polymers-11-00726]\]. The XRD pattern of both of the hybrid graphene aerogels as compared to the annealed graphene demonstrated the weakening, broadening and shifting of the peak assigned to the (002) crystalline plane of graphene. The XRD results indicated that the interlayer spacing of the graphene sheets was enlarged from 0.32 to 0.42 nm, concluding that MoS~2~ and Ag nanoparticles alleviated the restacking of graphene sheets. These results demonstrated the formation of a homogeneous hybrid ink composed of the inorganic additives serving as spacers to separate and support neighboring sheets. Homogeneity of the ink significantly prevented the formation of large blocks or agglomerates to ensure higher printing precisions as well as a homogeneous distribution of additives within the final graphene aerogel network \[[@B136-polymers-11-00726]\].

Hexagonal boron nitride (h-BN) has been attached to the single-walled carbon nanotube surfaces in a pre-fabricated carbon nanotube aerogel. The h-BN, as 2D flakes, strengthened the underlying SWCNT networks via reinforcement of the nodes between the SWCNTs, leading to a doubled Young's modulus compared to that of SWCNT networks alone. Only 0.009% volume fraction of h-BN generated mechanically robust composite aerogels that recovered their original shape even after uniaxially compressing by more than 50% \[[@B137-polymers-11-00726]\]. Duan and coworkers have produced double-negative-index graphene/h-BN composite aerogels with robust mechanical and exceptional thermal stability \[[@B138-polymers-11-00726]\]. First, a hierarchical porous graphene template with hyperbolic architecture was fabricated through a modified hydrothermal reduction (MHR) and noncontact freeze drying (NCFD) technique to obtain a negative Poisson's ratio (NPR) and a negative thermal expansion coefficient (NTEC) that enhanced the mechanical properties of the template ([Figure 12](#polymers-11-00726-f012){ref-type="fig"}a) \[[@B139-polymers-11-00726]\]. h-BN was then deposited on the surface of graphene template through a chemical vapor deposition (CVD) process ([Figure 12](#polymers-11-00726-f012){ref-type="fig"}b). The resulting h-BN aerogels (h-BNAGs) had ultralow densities of less than 10 mg/cm^3^ with the lowest density being 0.1 mg/cm^3^ ([Figure 12](#polymers-11-00726-f012){ref-type="fig"}c). The ultralow density was attributed to the highly porous structure with h-BN layers on graphene aerogel templates ([Figure 12](#polymers-11-00726-f012){ref-type="fig"}d). Thermal etching of graphene templates from the h-BN/graphene sandwiched hybrids produced double-pane wall structures ([Figure 12](#polymers-11-00726-f012){ref-type="fig"}e). Such rational designed h-BN aerogels had near-zero strength loss after sharp thermal shocks (275 °C per second) or intense thermal stress at 1400 °C, and ultralow thermal conductivity in vacuum \[\~2.4 milliwatts per meter-kelvin (mW/m·K)\] and in air (\~20 mW/m·K), providing an ideal system for thermal superinsulation under extreme conditions.

4. Applications {#sec4-polymers-11-00726}
===============

Combining the functionalities introduced by nanoscale materials with large surface area of aerogels opens many applications in environment remediation, energy storage, drug delivery and more.

4.1. Environmental Remediation {#sec4dot1-polymers-11-00726}
------------------------------

### Porous Sorbents

The large surface area, high porosity, and light weight make aerogels promising sorbent materials. For example, aerogels have been used for environmental remediation to remove spilled oil, organic compounds and heavy metal ions \[[@B140-polymers-11-00726]\]. The wetting properties of aerogels are important in achieving optimal adsorption performance. From this perspective, hydrophobic sorbent materials are of intense interest for application in absorbing hydrocarbons ([Table 1](#polymers-11-00726-t001){ref-type="table"}). In one study, hydrophobic composite aerogels were fabricated from polysilsequioxane-containing phenylene and hexylene-bridge groups through the polymerization of the polysilsequioxane followed by supercritical drying \[[@B141-polymers-11-00726]\]. The incorporation of the phenylene and hexylene-bridged groups increased the crosslinking density and the molecular weight of the composite aerogel, leading to a significant improvement in the mechanical properties of the aerogel. Additionally, a higher condensation rate of the hexylene-bridged groups produced a more hydrophobic aerogel (contact angle 115°) than the phenylene-bridges (92°). For example, a resorcinol-furfural/silicone hybrid aerogel was fabricated through a facile pressure-drying system at room temperature \[[@B142-polymers-11-00726]\]. In this study, carbon nanotubes were used as a reinforcement material and a trimethylethoxysilane (TMES) solution was used as a surface modifier to increase the hydrophobicity of the aerogel. The TMES replaced the surface hydroxyl groups on the aerogel with stable --OSi(CH~3~)~3~ groups. By doing this, the contact angle increased from 108° to 135°. The highest contact angle was obtained when the ratio of TMES: hexane was 8:1. Another study proposed an interesting method to obtain hydrophobic aerogels through modifying silica gel networks with silylating agent dimethoxy-methyl (3,3,3-trifluoropropyl) silane \[[@B143-polymers-11-00726]\]. The aerogels were synthesized from tetraethoxy silane (TEOS) using a two-step sol-gel process followed by a supercritical drying with CO~2~. Duan et al. observed that adding silylating agent to the already produced TEOS gels achieved better results, with the contact angle increasing from 27.5 ± 0.3° to 142.2 ± 0.8°. The addition of the silylating agent significantly affected the resulting hydrophobicity. After the hydrolysis, the TEOS underwent rapid condensation, and gel formation occurs. If the TEOS and silylating agent molecules co-condensed, many of the hydrophobic groups were not exposed to the particle surface. Allowing the hydrolysis before the addition of silylating agent allowed for more functionalization of the gel network surface. The increase in the contact angle for the post-gelation samples was due to the silylating attachment mainly on the exterior of the gelled TEOS particles. In addition to these method studies, it was shown that by increasing wt.% of silylating agent from 5 to 25, contact angle could be increased from 70.6 ± 0.9° to 154.1 ± 0.5°.

A new rapid supercritical extraction process has been reported by Jung et al. to produce hydrophobic and transparent aerogels suitable for window shielding \[[@B151-polymers-11-00726]\]. The hydrophobic character was introduced by adding poly(methylmethacrylate) to a silica gel, resulting in the addition of --OCH~3~ and --CH~3~ free radicals onto the surface. A silica solution formed the gel structure with the supply of inert gas pressure. Then it was promoted at supercritical conditions through continuous heating. As mentioned previously, cellulose has been used widely in aerogels; however, the hydrophilicity and inferior mechanical properties of cellulose aerogels limit their applications in absorbing organic contaminants. Yu et al. produced high-performance cellulose aerogels by freeze-casting aqueous suspensions of polyvinyl alcohol and cellulose nanofibrils in the presence of hydrolyzed methyltrimethoxysilane sol \[[@B152-polymers-11-00726]\]. The silanol groups (Si--OH) reacted with hydroxyl groups on PVA and cellulose, as well as condensed among themselves to form a Si--O--Si network, leading to robust hydrophobic aerogels. The aerogel has a high absorption capacity of 45--99 times of their own weights, high oil/water selective sorption, and excellent reusability with absorption retention of more than 84% after 35 absorption--squeezing cycles ([Figure 13](#polymers-11-00726-f013){ref-type="fig"}).

Commercially available, flexible and mechanically durable fiber-reinforced silica aerogel composites have been evaluated for oil spill cleanup ([Figure 14](#polymers-11-00726-f014){ref-type="fig"}) \[[@B153-polymers-11-00726]\]. Thermal Wrap (TW) (6.0 mm thickness, Cabot Corporation, Boston, MA) is a composite of trimethylsilylated silica aerogel particles attached on bicomponent polyester fibers, and Spaceloft (SL) (10 mm thickness, Aspen Aerogels, Northborough, MA, USA) is a composite of a lofty fibrous batting of polyester and glass fibers infiltrated with trimethylsilylated silica aerogel and magnesium hydroxide. As shown in [Figure 14](#polymers-11-00726-f014){ref-type="fig"}, both aerogel blankets have hydrophobic silica nanoparticles attaching to fibers, leading to a hydrophobic/oleophilic property. The study indicated that these aerogel composites possessed three important desirable properties for oil spill cleanup: fast oil sorption (3--5 min), reusability (demonstrated over 10 cycles with preserved tensile strength for TW; 380--700 kPa), and recoverability (up to 60% via mechanical extraction).

4.2. Energy Storage {#sec4dot2-polymers-11-00726}
-------------------

Over the past decades, great research efforts have been devoted to building high-performance, cost-effective, renewable, and sustainable energy storage devices to meet the need for renewable energy, electric vehicles, and portable electronics. Among many devices developed to address such needs, advanced batteries and supercapacitors are leading this quest. Batteries, owing to their high energy density and ability to supply a constant source of electrical power, dominate the worlds of portable electronics and electric vehicles. This is especially true for lithium-ion type batteries (LIBs) \[[@B154-polymers-11-00726]\]. Supercapacitors, on the other hand, are ideal for short-term energy needs due to their extremely quick and high efficiency charging capabilities, while also being able to operate for a virtually unlimited number of charge-discharge cycles \[[@B155-polymers-11-00726],[@B156-polymers-11-00726]\]. Thus, batteries and supercapacitors are complementary energy storage devices \[[@B157-polymers-11-00726]\].

Improving battery and supercapacitor electrodes is essential to offer higher capacitances and efficiencies, lower the costs, and create more eco-friendly devices. Carbon aerogels have been at the forefront of such research efforts due to carbon's inherently high surface area, chemical stability, low cost, and eco-friendliness \[[@B158-polymers-11-00726]\]. The hierarchical porous carbon framework in aerogels greatly increases the ability to store electric charge by enabling faster electrolyte ion diffusion rates, creating more active sites for the energy conversion process, and presenting a continuous charge transfer pathway \[[@B159-polymers-11-00726]\]. For batteries, the aerogel structures create space within the electrode to accommodate any volume changes that occur during the charge--discharge cycles that is unavailable in traditional electrode materials \[[@B160-polymers-11-00726]\].

The chemistry, fabrication, and properties of a variety of carbon-based aerogels have been extensively studied for energy storage applications \[[@B161-polymers-11-00726],[@B162-polymers-11-00726],[@B163-polymers-11-00726]\]. While carbon nanotubes, graphene, and graphene derivatives have been used extensively in producing aerogels for energy storage applications \[[@B119-polymers-11-00726]\], bio-based carbon materials are abundant and extremely cost-effective, while offering biodegradability and biocompatibility \[[@B164-polymers-11-00726],[@B165-polymers-11-00726]\], offering flexible, fully disposable electrodes \[[@B156-polymers-11-00726],[@B166-polymers-11-00726]\]. This section aims to provide an overview of the electrochemical performances of graphene and cellulose-based aerogels as LIB and supercapacitor electrodes over the last few years.

### 4.2.1. Supercapacitors {#sec4dot2dot1-polymers-11-00726}

Graphene aerogels have often been composited with conductive polymers and highly electroactive nanoparticles in order to create supercapacitor electrodes with very high capacitances and cycling stabilities. Graphene functions as a support of polymers and nanoparticles with larger surface area and electrical conductivity. Many unique strategies have been employed to offer fabrication techniques that are both affordable, eco-friendly, and easily scalable. Zhai and coworkers fabricated high-performance supercapacitor electrodes using graphene aerogel (GA) doped with palladium (Pd) nanoparticles ([Figure 15](#polymers-11-00726-f015){ref-type="fig"}a) \[[@B167-polymers-11-00726]\]. The SEM images of GA and P-GA samples and the TEM image of Pd nanoparticles showed that Pd nanoparticles uniformly distributed on graphene surfaces ([Figure 15](#polymers-11-00726-f015){ref-type="fig"}b--d). Pd nanoparticles caused a significant reduction of the electrical resistivity by 50 times (i.e., from 950 to 16 Ω cm) compared with pure GAs. Additionally, a negative electrode based on P-GA showed a specific capacitance of 175.8 F/g at a scan rate of 5 mV/s, which is more than 3 times enhancement as compared to that without Pd doping (51.9 F/g). The MnO~2~//P-GA asymmetrical supercapacitors were produced from the composite aerogel electrodes and demonstrated an average energy density of ≈13.9 Wh/kg at a power density of ≈13.3 kW/kg, which was much higher than other graphene- and carbon-based asymmetrical supercapacitors. ([Figure 15](#polymers-11-00726-f015){ref-type="fig"}e,f). Reduced graphene oxide (rGO) and polypyrrole (PPy) composite aerogels were produced by Sun and co-workers employing a spontaneous self-assembly approach \[[@B168-polymers-11-00726]\]. In their study, pyrrole was added to an aqueous graphene oxide (GO) suspension, where pyrrole was polymerized and deposited on reduced GO to obtain the rGO-PPy hybrid hydrogel. The hydrogels were washed with ethanol and supercritically dried with CO~2~. Through combining the GO sheets with the PPy, aggregation of the GO sheets was prevented, which created a thin walled, hierarchical porous structure of the hybrid aerogels. The CV curves of such aerogels indicated both pseudocapacitive and electrochemical double layer capacitance (EDLC) with a specific capacitance of 304 F/g at a current density of 0.5 A/g ([Table 2](#polymers-11-00726-t002){ref-type="table"}). While showcasing the promise of such a one-step fabrication method for graphene aerogel hybrids, these materials quickly degraded performing at only 58% of their original capacitance after 50 cycles.

Other researchers have utilized another conducting polymer polyaniline (PANI) to create hybrid graphene aerogel supercapacitor electrodes. For example, Yang et al. produced a GO aerogel through a hydrothermal treatment (180 °C, 1 h) and freeze-drying of an aqueous suspension of PANI nanowires and GO \[[@B158-polymers-11-00726]\]. The PANI nanowires in the suspension interacted with the basal planes of the GO, preventing GO from aggregating and providing fast ionic channels within the electrode materials. These composite aerogel electrodes had a capacitance of 520 F/g at a current density of 0.25 A/g with a retention of 89% after 500 charge-discharge cycles. Furthermore, highly electrochemically active cobalt salt nanoparticles (3560 F/g theoretical capacitance) have been added to PANI/GO aerogels via a hydrothermal treatment (180 °C, 6 h) and freeze-drying \[[@B169-polymers-11-00726]\]. The synergy of the GO sheets and Co~3~O~4~ and PANI nanoparticles led to a capacitance of 1247 F/g at a current density of 1 A/g with minimal degradation after 3500 charge-discharge cycles.

Carbon nanotubes (CNTs) are generally used in graphene aerogels to space the GO sheets and prevent graphene from aggregating to increase the hierarchical porosity and available actives sites for energy storage and electrolyte ion transfer. For example, singled-walled CNTs (SWCNTs) were dispersed with GO followed by a hydrothermal treatment (180 °C, 12 h) and freeze-drying \[[@B170-polymers-11-00726]\]. It was demonstrated that SWCNT/GO composite aerogels provided three-dimensional (3D) macro-porous structures to improve the accessibility of electrolytes, and conductive SWCNTs reduced the electrical resistance. The composite electrodes have a capacitance of 246 F/g at 2.5 A/g current density, with outstanding high stability, retaining 97% of original capacitance after 2000 cycles. While most often used as a spacer, several studies have shown that CNTs can indeed provide the aerogel base for supercapacitor electrode production. In one such study, CNTs were coated with nitrogen-doped graphene in order to create a highly flexible, wire-like electrode \[[@B171-polymers-11-00726]\]. In one of the most unique processing strategies found in the literature, these aerogel electrodes were fabricated by forming CNT hydrogel on the tips of carbon nanofibers (CNF), followed by dipping the hydrogel in a dopamine solution. The dopamine was then crosslinked and pyrolyzed at 800 °C in order to create the N-doped graphene-coated CNT aerogels. These CNT aerogel electrodes were highly flexible, maintaining 91% of their original capacitance after being stretched and released for 10,000 cycles, something not often seen in carbon aerogel electrodes unless cellulose nanomaterials are used to create the aerogel.

Carbon aerogels based on biological carbon can come from many cost-efficient and eco-friendly sources, such as grasses, trees, and sea tunicates, which provide excellent sources of cellulose nanocrystals and nanofibers. Flexible all solid state supercapacitor (ASSS) electrodes have been fabricated from CNF isolated from kraft softwood \[[@B156-polymers-11-00726]\]. The CNFs were coated with silver (Ag) nanoparticles followed by PANI through electrodeposition. The unique nanostructure consisted of a continuous cellulose network coated by a grape-like structure of 10--100 nm Ag particles which was covered in PANI nanodots. These electrodes had a capacitance of 215 F/g at a current density of 0.2 A/g, and were able to be maintained, even in a bent state, which paves the way for flexible electronics. Cellulose nanocrystals (CNCs) have been isolated from Whatman cotton filters and bonded with more electroactive nanomaterials such as PPy, CNTs, and MnO~2~ nanoparticles to produce supercapacitor electrodes \[[@B165-polymers-11-00726]\]. In this study, three types of aerogel electrodes were produced by dispersing the isolated CNCs with PPy-coated CNTs, PPy nanofibers, and MnO~2~-nanoparticles in water prior to creating the dry aerogel through freeze-drying. Of the three hybrid CNC electrodes, the MnO~2~ nanoparticle modified aerogel had the lowest specific capacitance, but the highest retention of the capacitance after 2000 cycles. On the other hand, the PPy nanofiber-modified CNC aerogels possessed the highest capacitance with decent cycle stability. The CNC-based electrodes are very flexible and are able to recover up to 90% of their original shape after being mechanically deformed.

Adding three-dimensionality to supercapacitors can boost the areal energy density to allow for practical applications in high-energy systems. However, there is typically a trade-off limitation of increasing the mass loading with ionic transport resistance. Thus, 3D supercapacitor electrode architecture needs to be engineered in a way to obtain super-elastic 3D electrodes with increased mass loading, apparent density, and thickness without decreasing electron and ion transport rates. A graphene ink was developed to retain its shape after being deposited via DIW 3DP \[[@B174-polymers-11-00726]\]. The optimal rheological behavior of the ink was obtained by adding hydroxyproplmethylcellulose as a viscosifier, along with an amphiphilic triblock copolymer pluronic F127 (poly(ethylene oxide) (PEO)-poly(propylene oxide) (PPO)-PEO) as a gelling agent to induce viscoelastic properties and a template to generate mesopores. The complete processing schematic is provided in [Figure 16](#polymers-11-00726-f016){ref-type="fig"}. The structural integrity of the 3D-printed graphene was retained during drying and carbonization for a successful conversion into a compressible cubic lattice graphene aerogel (GA). Upon printing of the cubic lattices, the aerogels demonstrated excellent structural integrity and microarchitectural accuracy, indicating high quality printing. Polypyrrole (PPy) was also chemically deposited on the graphene aerogel scaffolds to increase the specific capacitance, from 14 to 393 F/g, and enhance certain mechanical properties such as compressive strength from 0.14 to 2.4 MPa. The composite PPy-GA electrode had capacitance and energy density of 2 F/cm^2^ and 0.78 mWh/cm^2^, respectively.

### 4.2.2. Lithium-Ion Batteries {#sec4dot2dot2-polymers-11-00726}

Graphene and its derivatives have been extensively investigated for lithium-ion battery (LIB) electrodes, where they are mixed with electroactive species, such as TiO~2~ and MoS~2~, without the use of other binders or conductive agents. For example, Jiang and coworkers combined GO and MoS~2~ by a one-pot, hydrothermal treatment (180 °C, 24 h) \[[@B155-polymers-11-00726]\]. The hybrid hydrogels were reduced with hydrazine hydrate followed by freeze-drying to produce a hybrid aerogel. The interactions between GO and MoS~2~ nanosheets granted a high storage capacity of 1200 mAh/g and high cycling stability, retaining 95% of their original capacitance after 200 cycles. This system had a substantially higher lithium storage capacity than pure graphene (372 mAh/g) or MoS~2~ (670 mAh/g), indicating the highly synergistic nature of this system. He and coworkers created a sandwich structure between graphene and MoS~2~ which further enhanced the storage capability and stability of the electrode \[[@B175-polymers-11-00726]\]. In this study, graphene-MoS~2~ aerogel anodes were fabricated via a similar hydrothermal (260 °C, 36 h) and freeze-drying treatment where alternating ultrathin layers of graphene oxide and MoS~2~ provided efficient electron transfer and short lithium ion diffusion channels. This led to a storage capability of 1298 mAh/g at 0.1 A/g, retaining 99% of this capacity after 200 cycles. In some other studies, polymers were used to increase the interaction between the electroactive species and the graphene oxide. For example, the hydroxyl groups of glucose were used to covalently link titanium dioxide (TiO~2~) nanoparticles with the (001) face of graphene \[[@B176-polymers-11-00726]\]. The obtained composite anode had a high storage capability of 605 mAh/g and demonstrated high compression flexibility attributed to the glucose linkers. Although the anode had low cycling stability, maintaining only 33% of its original capacity after 50 cycles, it could be used in the design of next generation flexible battery.

Cellulose-based carbon aerogels have been used as anodes and polyelectrolyte separators in LIBs. Cellulose aerogels, as anode materials, often serve as supports for electroactive nanoparticles such as iron oxides. For example, flexible and binder-free LIB anodes were fabricated through decorating bacterial cellulose nanofiber aerogels with nanoparticles of Fe~3~O~4~ \[[@B177-polymers-11-00726]\]. These electrodes were made through hydrothermal treatment (120 °C, 10 h) of bacterial cellulose pellicles in a 0.05 M Fe(NO~3~)~3~∙9H~2~O solution. The sol-gel was then freeze-dried and carbonized. Fe~3~O~4~ nanoparticles evenly attached on the CNF surfaces through the interaction with --OH groups on cellulose. The electrical conductivity of these samples was determined to be 2.0 S/m and 2.1 S/m before and after repeated bending, respectively, showing the flexibility of such anodes. Starting with a very high storage capacity of approximately 1000 mAh/g, these electrodes showed decent stability during the charging--discharging cycles, retaining about 75% of their original capacity after 100 cycles. Fe~2~O~3~ nanoshells were deposited onto the surface of carbon nanofiber aerogels produced through pyrolysis of cellulose aerogels \[[@B178-polymers-11-00726]\]. In this work, carbon fiber aerogel was impregnated with Fe~2~O~3~ via an immersion in a Fe(NO~3~)~3~∙H~2~O solution followed by drying and subsequent heat treatment at 200 °C for 10 h in air. The resulting amorphous network was highly flexible and presented a high capacity of 1195 mAh/g when analyzed as an anode in a 1 MLiPF~6~ electrolyte (1:1 EC/DMC). The highly interconnected network of carbon and Fe~2~O~3~ nanoshells yielded this improvement in capacity while the highly porous, flexible nature of the aerogel mitigated the issues with large volume changes at higher current densities, enabling such an electrode to still possess a high capacitance of 1115 mAh/g at 0.8 A/g.

Cellulose aerogels have significantly improved ionic conductivity and wettability demonstrated as polymer electrolyte separators due to the porous and hydrophilic nature of the cellulose. For example, Liao and co-workers fabricated a polymer separator by coating hydroxyethylcellulose aerogels onto a polypropylene (PP) film \[[@B179-polymers-11-00726]\]. The composite film had a superior thermal stability, good ionic conductivity, and higher electrolyte uptake and retention when compared with traditional polymer electrodes. Cellulose aerogels were also used as the polymer electrolyte for LIBs \[[@B180-polymers-11-00726]\]. In this work, a cellulose aerogel membrane was developed through a typical sol-gel method with an ionic liquid prior to supercritically drying in CO~2~. This aerogel separator exhibited improved ionic conductivity and electrolyte uptake and retention and had negligible capacity loss after 100 cycles. Compared to LIB cells utilizing a standard electrolyte separator, LIBs with cellulose aerogels showed an improvement in the specific rate capacity from below 70 mAh/g to 80.5 mAh/g.

CNTs have been used in the forms of foams, mats, arrays, and encapsulating devices for applications regarding lithium-sulfur, lithium-telluride, and sodium-ion battery electrodes \[[@B181-polymers-11-00726],[@B182-polymers-11-00726],[@B183-polymers-11-00726],[@B184-polymers-11-00726],[@B185-polymers-11-00726],[@B186-polymers-11-00726],[@B187-polymers-11-00726],[@B188-polymers-11-00726]\]. CNT aerogels have been combined with a covalent organic framework (COF) for the application as LIB electrodes \[[@B189-polymers-11-00726]\]. COF with a redox-active naphthalene diimide wall was grown on the conductive CNTs to introduce synergistic electrochemical properties to the aerogel. The COF, being insoluble, helps to create a robust electrode while the interconnected network of CNTs helps to facilitate charge transfer and electrolyte diffusion. Although the CNT aerogel had a unique structure, it possessed a meager capacity compared to all other aerogels, as can be seen in [Table 3](#polymers-11-00726-t003){ref-type="table"}. It is apparent that in order to employ CNTs as aerogels for battery applications, more innovative and unique approaches must be considered in order to increase the capacity while forming a stable and reliable electrode material.

4.3. Biomedical Applications {#sec4dot3-polymers-11-00726}
----------------------------

The typical low density, high porosity, and high surface area of aerogels make them suitable for many biomedical applications, including drug delivery, tissue engineering, implantable devices, biomedical imaging, and biosensing \[[@B190-polymers-11-00726],[@B191-polymers-11-00726],[@B192-polymers-11-00726],[@B193-polymers-11-00726]\]. Previously, only silica-based aerogels had been investigated for the use in these applications; however, their poor biodegradability inhibited their use in pharmaceutical and biomedical applications \[[@B194-polymers-11-00726],[@B195-polymers-11-00726]\]. At present, polysaccharides such as starch, alginate, and chitosan are being investigated as biomedical aerogels as they provide low toxicity, biocompatibility, and biodegradability \[[@B190-polymers-11-00726]\]. The following sections will briefly review some of the current and potential biomedical applications for such polymer and polymer-composite aerogels.

### 4.3.1. Drug Delivery {#sec4dot3dot1-polymers-11-00726}

Treatments for diseases such as cancer utilize toxic agents that can unintentionally harm the patient/subject/host. To mitigate such issues, delivery systems have been considered to encapsulate drugs to reduce the negative effect. The use of a drug delivery system enables a higher efficiency, better protection from degradation, and targeted release of the drug \[[@B196-polymers-11-00726],[@B197-polymers-11-00726]\]. By encapsulating the drug within a delivery system, surface modification can be achieved to allow for specific targeting \[[@B197-polymers-11-00726]\]. With high porosity, low density, and biocompatibility, aerogels have been at the forefront of novel drug delivery system development \[[@B196-polymers-11-00726]\]. The high porosity of the aerogel enables a significantly higher loading capacity of the drug while the supercritical drying step of typical aerogel fabrication processes facilitate the impregnation of the drug without the use of organic solvents and high temperatures \[[@B190-polymers-11-00726],[@B194-polymers-11-00726]\] Previously, synthetic polymers such as polyethylene, polypropylene, and polydimethylsiloxane have been used for drug delivery systems; however, non-biocompatibility of these polymers is problematic. To resolve this issue, polysaccharides and their derivatives serve as a better template because of their biocompatibility, stability, availability, and renewability \[[@B198-polymers-11-00726]\].

The use of polysaccharides such as chitosan, alginate, and starch have been the focus in natural polymers for many biomedical applications and extends in the realm of biomedical aerogels. However, little has been reported with regard to the polysaccharide, glucan. Salgado et al. studied the formation of a barley and yeast β-glucan aerogel for the oral delivery of acetylsalicylic acid \[[@B190-polymers-11-00726]\]. β-glucan can help wound healing with an antimicrobial and anti-inflammatory nature. Barley β-glucan lowers blood cholesterol and reduces the likelihood of heart disease. The β-glucan aerogels were fabricated by aqueous gelation, solvent exchange, and supercritical drying in CO~2~. Barley β-glucan (BBG) hydrogels created more sponge-like structure, whereas yeast β-glucan (YBG) produced a more crosslinked configuration that demonstrated improved water uptake. The acetylsalicylic acid was loaded into the β-glucan aerogels by impregnation via supercritical drying. In the in-vitro release study, the BBG aerogels revealed a time lag (i.e., negligible release) of up to 3 h and a fast release of 60% from 3 to 8 h. YBG aerogels demonstrated an initial quick release during the first 2 h while keeping the drug release sustained for the 24-h study. The two systems demonstrated different release mechanisms based on the capacity to uptake water.

It was previously mentioned that silica derived aerogels are not biodegradable. However, the use of silica in biomedical aerogels is still present, as they are biocompatible, and possess a high surface area and an open pore structure. Although polysaccharides bypass the complications of silica, they have a lower surface area and release efficiency (e.g., Ca-alginate). Silica/alginate hybrid aerogels can combine the properties of silica and the biodegradability and bioadhesive characteristics of alginate. A silica/alginate hybrid aerogel was fabricated and loaded with ketoprofen, a poorly water-soluble non-steroidal anti-inflammatory drug. The hybrid aerogels were produced by using an emulsification/internal setting technique in which a water phase containing silica and alginate were introduced to an oil phase, creating a water-in-oil emulsion. The solution was mixed until a hybrid hydrogel was formed, following phase inversion to separate the hydrogel in the water phase. The hydrogels underwent a series of solvent exchanges with varying concentrations of ethanol forming alcogels. Alcogels were then immersed in a solution of ketoprofen and supercritically dried with CO~2~ at 40 °C. In the hydrogel or alcogel phase, the particles were coated with three different solutions of Ca-alginate/hydoxypropyl methylcellulose (HPMC), silica/HPMC, and a hydrophobic silica. Results revealed that the surface area of the hybrid aerogel particle was over 900 m^2^/g, compared to alginate particles with a specific surface area of 680 m^2^/g. Drug release studies revealed that uncoated aerogels could serve potential in burst release as 90% of the drug was released in 3 min compared to free drug release of 240 min. Coated aerogels demonstrated higher loading of drug with the 104 mg/g for Ca-alginate/HPMC-coated aerogels compared to 24 mg/g for uncoated aerogels \[[@B199-polymers-11-00726]\].

Synthetic and naturally derived polymeric aerogels have also been investigated for use in drug delivery applications. For example, a thermo/pH responsive aerogel was fabricated for the controlled release of indomethacin, a hydrophobic drug model \[[@B194-polymers-11-00726]\]. Alginate was grafted with *N*-isopropylacrylamide and *N*-hydroxymethylacrylamide via radical polymerization. The resulting hydrogel was washed with deionized water and freeze-dried in order to form the aerogel. By adjusting the ratio of co-polymers grafted onto the alginate backbone, the thermo-responsive behavior could be tuned while simultaneously altering the lower critical solution temperature (LCST). The drug-loaded aerogel was released at various pH and temperature levels. Here, pH (2.1 and 7.4) and temperature (25 °C and 42 °C) were investigated. It was found that above the LCST (37.8 °C), the polymer chains would aggregate and shrink resulting in higher release of the indomethacin when compared to below the LCST. At neutral pH, the indomethacin was completely released while only 10% released under acidic conditions. This dual responsive release showed excellent potential in biomedical applications for controlled release systems as the aerogel must overcome both boundaries to release the drug, allowing for a more sensitive and controlled release.

3D-printed aerogels have been produced for drug delivery applications. For example, thermal inkjet printing (IJP) was used to build alginate aerogel particles impregnated with salbutamol sulfate (SS), a drug used to treat asthma and chronic obstructive pulmonary disease \[[@B200-polymers-11-00726]\]. Thermal IJP is a promising method that allows the processing of printed particles for drug delivery systems with reproducible, narrow particle size distribution and high spatial resolution. In this method, the alginate aerogel particles were printed via a "drop-on-demand" mode followed by supercritical drying, resulting in the formation of monodispersed nanoparticles with a unique nanostructure displayed in [Figure 17](#polymers-11-00726-f017){ref-type="fig"}. Gel beads formed once the alginate solution made contact with the CaCl~2~ gelation bath. The gel beads were then left for 5 h for aging and then subjected to either a direct (×2) or sequential (ethanol:water volume ratio 0:100, 50:50, 75:25, 100:0 (×2)) solvent exchange to ethanol. The direct exchange ([Figure 17](#polymers-11-00726-f017){ref-type="fig"}A) resulted in an optimized solvent method as there was no loss in particle sphericity nor appearance of dimples, as observed for the serial exchange method. In vitro release of the SS in PBS demonstrated that 10% of the total drug was released during the first 10--15 min. After the initial burst, a sustained release of the remaining drug occurred for 10 h. This unique IJP processing of alginate particles shows great promise to reduce drug administration frequency when compared to traditional powder inhalers that must be re-administered every 4--6 h.

### 4.3.2. Tissue Engineering: Scaffolds {#sec4dot3dot2-polymers-11-00726}

Over the last few decades, tissue engineering has focused on the regeneration, reconstruction or replacement of damaged tissues. Characteristics such as cell growth, attachment, differentiation, proliferation, and tissue vascularization are needed for tissue engineering scaffold \[[@B191-polymers-11-00726]\]. In the past, traditional sources for tissue engineering material originated from harvesting tissues from both humans and animals. However, lack of donors, negative immune response and infection are problems that can occur \[[@B88-polymers-11-00726]\]. To overcome these issues, polymer-based aerogels serve as potential 3-dimensional (3D) scaffolds for tissue engineering, as they have demonstrated the capability of supporting such cellular activities \[[@B88-polymers-11-00726]\]. Biocompatibility and biodegradability are also sought after for scaffold development. For these reasons, natural and synthetic polymers such as collagen, gelatin, alginate, chitosan, hyaluronic acid, and silk fibroin are of intense interest for the development of aerogels for such scaffolding applications \[[@B191-polymers-11-00726]\].

One example of developing such aerogels for tissue scaffolds is an alginate-lignin hybrid aerogel with both micro- and macro-porosity \[[@B201-polymers-11-00726]\]. Such a structure was achieved through CO~2~ gelation and hydrogel foaming, followed by solvent exchange and supercritical drying. The combination of alginate and lignin allows for better cell adhesion, growth, and differentiation as the lignin decreases the hydrophilicity and increases the stability over pure alginate. Cell toxicity studies on mouse fibroblast cell line L929 demonstrated no cytotoxicity from the aerogels. Cell adhesion studies demonstrated that cells were able to attach to the aerogel and their metabolic properties increased from day 3 to 7, indicating a high potential of such an aerogel to be used for scaffolds in tissue engineering. In another study, a silk fibroin (SF) aerogel was investigated for its use as a tissue engineering scaffold \[[@B191-polymers-11-00726]\]. In this work, the aerogels were synthesized via sol-gel fabrication, salt leaching, solvent exchange, and supercritical CO~2~ drying, which resulted in a bi-modal pore distribution. When comparing SF aerogels fabricated by freeze-drying versus supercritical drying, it was found that different porosities were achieved where the supercritical drying yielded an aerogel with more surface area and a higher pore volume. Cytocompatibility between human foreskin fibroblast (HFF) and the SF aerogel was explored. It was determined that the aerogel was biocompatible, as uniform distributions of cells were found throughout the scaffold. Additionally, cell attachment and penetration studies revealed that a microporous scaffold was needed for cell viability and attachment.

Hybrid nanofiber aerogels were investigated for cranial bone regeneration in another study \[[@B192-polymers-11-00726]\]. The hybrid nanofiber aerogel was composed of electrospun poly(lactic-*co*-glycolic) acid-collagen-gelatin (PLGA-PCG) nanofibers and strontium-copper co-doped bioglass (Sr-Cu-BG) nanofibers ([Figure 18](#polymers-11-00726-f018){ref-type="fig"}). The nanofibers were then sonicated in deionized water separately before being sonicated together to form an aqueous dispersion of PLGA-PCG and Sr-Cu-BG nanofibers. This hybrid dispersion was then freeze-dried and thermally treated with absolute ethanol to allow physical fusion of the overlapping nanofibers to create the resulting hybrid aerogel. The resulting aerogel was introduced to a solution of E7-BMP-2, a biomolecule that stimulates angiogenesis and osteogenesis, to allow loading. The loaded aerogels were then implanted into a defective region of the cranial bone of rats. The healing of the cranial bone was monitored via microcomputed tomography in order to visualize the healing at 4 and 8 weeks after implantation. The results show that after only 8 weeks, there was 65% closure of the defect bone and 68% coverage of the defect area. This study successfully presents a potential bone regeneration with this aerogel.

In a work by Maleki et al., silk fibroin (SF) was added as a biopolymer to improve the compressive strength and flexibility of pristine silica aerogels \[[@B146-polymers-11-00726]\]. SF polymer/silica hybrid structures were synthesized by a one-step/ one-pot acid catalyzed sol-gel approach. This was done by preparing a solution of organosilanes, containing 5-(trimethoxysilyl)pentanoic acid (TMSPA) and tetramethylorthosilicate (TMOS), and an SF biopolymer in an aqueous acetic acid solvent in the presence of hexadecyltrimethylammonium bromide (CTAB). TMPSA was to form a stable covalent linkage between silica and the secondary silk fibroin structure and CTAB was used as a phase separation suppressing agent. The as prepared gel, with the optimal ratio of SF/silica mass fraction of 15:100 with the name ET-SF-15, was used to construct 3D structures via DIW printing because of its optimized viscosity. The as printed construct was then transferred to the oven for continuing the remaining gelation and aging steps, which was then solvent exchanged and dried supercritically. Upon studying the microstructure of the 3D-printed structure, no significant visible structural changes in the network were present as compared to the cylindrical monolith (not 3D-printed). This study demonstrated the ability of DIW to tailor the micro- and macrostructure of the silica-SF aerogel hybrid, paving the way for such scaffold designs to be suitable for tissue engineering studies and regenerative medicine. Another study of nanocellulose demonstrated the 3DP of cellulose nanocrystal aerogels via DIW with well controlled structures and dual porous structures. It was concluded that these aerogels demonstrated the potential for different tissue engineering applications due to the ability of structural and inner pore architecture customization with this technique \[[@B202-polymers-11-00726]\]. Thus, 3DP of aerogels presents a novel approach for creating customizable and complex architectures required for structures such as scaffolds for tissue engineering.

### 4.3.3. Tissue Engineering: Wound Healing {#sec4dot3dot3-polymers-11-00726}

The normal wound healing process undergoes four phases: hemostasis, inflammation, proliferation, and remodeling \[[@B203-polymers-11-00726]\]. Chronic wounds are the result of hypoxia, pH changes, and bacteria \[[@B204-polymers-11-00726]\]. This results in abnormal healing, where the wound is stationary or prolonged in the inflammation phase and thus inhibits the normal healing process \[[@B204-polymers-11-00726]\]. To promote healing, optimal oxygen permeability, normal cellular function, moisture control, and angiogenic conditions are needed \[[@B203-polymers-11-00726],[@B204-polymers-11-00726]\]. The high porosity and surface area of aerogels create a potential for the material to be useful in wound healing treatments \[[@B204-polymers-11-00726]\].

Nano-fibrillated cellulose (NFC) and copper containing mesoporous bioactive glass (Cu-MBG) aerogel composites were investigated for their potential treatment of chronic wounds \[[@B203-polymers-11-00726]\]. These aerogels were fabricated by the introduction of Cu-MBG powder into a solution containing NFC in deionized water and mixed under stirring. The solution containing both the Cu-MBG powder and the NFC was filtered and dried in a vacuum desiccator at 40 °C. The purified compound was re-suspended in deionized water to form hydrogels, underwent solvent-exchange with organic solvents, followed by freeze-drying into the aerogel structure. The composite aerogels were cultured in a 3T3 mouse fibroblast in order to determine the biocompatibility. After a 2-day incubation, the aerogels with high Cu^2+^ concentration (\>12 mg/L) resulted in no cell survival. However, a lower concentration of Cu^2+^ in the aerogels showed a similar growth of cells when compared to the control cells. Microbial studies showed inhibition of E. coli growth for all Cu containing aerogels. This indicated that the antimicrobial property of copper remained when composited into this aerogel. Another study investigated chitosan aerogels for wound healing applications \[[@B204-polymers-11-00726]\]. Chitosan hydrogels were supercritically dried with CO~2~. Vancomycin, an antibiotic, was loaded into the chitosan solution prior to becoming a gel. Collagenase, a protein that is active in collagen degradation and remodeling after injury, was studied in relation to chitosan aerogel particles. After a 4-h incubation of chitosan aerogels in a collagenase medium, it was found that there was no effect in the performance of the collagenase; thus, the chitosan aerogels are expected to not inhibit the normal healing process. Antimicrobial studies against *Staphylococcus aureus* were also investigated. Vancomycin-loaded chitosan aerogel particles were able to eliminate 98% of the bacterial culture within 6 h and 100% after 48 h. Cell viability studies showed 80% cell viability after 24 h. In another study, hybrid aerogels were formed from collagen and reinforced with wheat grass \[[@B205-polymers-11-00726]\]. Collagen is an extracellular matrix protein that has been used in tissue engineering applications based on its cell recognition signals, controllable mechanical properties, and biodegradability \[[@B206-polymers-11-00726]\]. Wheat grass extract was introduced to collagen to overcome its poor susceptibility of proteolytic degradation, microbial attacks and allow crosslinking of collagen fibrils. The aerogel was fabricated by mixing goat tendon collagen with wheat grass extract in phosphate buffer saline. The solution was then incubated at 37 °C for 1 h under UV light at pH 7.2. The resulting gel was washed and frozen at −80 °C and lyophilized. Various collage-wheat grass aerogels were fabricated with different concentration of wheat grass including 0, 1, 2, 3% (*w*/*v*). The cytocompatibility studies revealed an increase in cell growth compared to the control for 1 and 2% collagen-wheat grass aerogels. Chorio allantoic membrane assay was performed to study the angiogenic activity of the aerogels; the study demonstrated that growth of blood vessels in the wheat grass reinforced aerogels compared to collagen aerogels without wheat grass. Wound healing assays were performed on female wistar rats using the collagen aerogels compared to the collagen wheat grass aerogels for 18 days. The study showed a higher reduction in wound size in collagen-wheat grass aerogels compared to collagen aerogels, on day 9 there was a reduction of the size of 75% for the wheat grass reinforced aerogel compared to 47% reduction of collagen aerogel ([Figure 19](#polymers-11-00726-f019){ref-type="fig"}).

5. Summary and Perspectives {#sec5-polymers-11-00726}
===========================

Aerogels have been extensively investigated for various applications due to their high porosities, high specific surface area, and ultralow densities, aiding in the creation of novel lightweight yet highly functional structures. Incorporating nanomaterials into aerogels improved their mechanical stability and strength, and introduces unique functionalities such as high electrical conductivities, thermal stability, and reactivity. Recently, many strategies have been explored towards the development of novel aerogel-based composite systems containing interesting and high-performing nanomaterials. The advance of aerogels includes developing production methods, using novel nanomaterials and exploring novel applications.

While supercritical drying used to be the state-of-the-art method for aerogel fabrication, a variety of methods such as freeze-drying and 3D-printing have been developed to produce aerogels. In contrast to the high-pressure and high-temperature process of supercritical drying, freeze-drying is a lower-cost, more simple technique that uses the formation of an ice crystal to dictate the porous structure of the aerogel, though some shrinkage and cracking can occur. 3D-printing is another aerogel fabrication method that is revolutionizing the field. 3D-printing can create highly complex structures using three different processing techniques: stereolithography, inkjet printing, and direct ink writing, but is limited by the requirement of specific types of print materials, costly equipment, and production efficacy. Therefore, more effort will be devoted in formulating appropriate ink for 3D-printing aerogels.

1D nanomaterials such as CNTs, nanofibers, cellulose have been used as the framework of the aerogel or as one of the aerogel components. Nanocellulose is an abundant and renewable biopolymer derived from various plant, animal, and bacteria sources. Cellulose appears in two different forms (i.e., cellulose nanocrystals and cellulose nanofiber), each with different structural properties, but high potential for surface modifications. Nanofibers are thread-like nanomaterials in which dispersions of single nanofibers or fiber mats can be dried to create nanofibrous aerogels with enhanced specific surface area and networked framework. They also are versatile in fabrication and application due to the wide polymer and inorganic material selection, adaptable processing techniques, and the coupling/functionalization with other nanostructures and compounds. Carbon nanotubes function as components and spacers in aerogel composites to improve the structural and mechanical properties, as well as to promote electrical conductivity.

2D nanomaterials are also being extensively studied to be used as components in the aerogel composites. Graphene is of great interest in aerogel synthesis due to its unique nanostructure that offers great mechanical, physical, and chemical properties. It also has excellent electrical and thermal conductivity, but poor solvent dispersibility. Its derivative, graphene oxide, is commonly used to form a graphene aerogel as it can be dispersed in solvents without aggregation. It is then reduced to partially restore its graphitic network and reinstate these outstanding material properties within the aerogel construct. Additionally, the usage of polymers or other nanomaterials can aid to prevent or minimize the stacking of graphene oxide sheets, providing a better stable framework. 2D nanomaterials other than graphene have also been investigated to be incorporated into aerogels, for example, inorganic boron nitride and molybdenum disulfide. These materials are usually deposited on graphene or carbon nanotube aerogels through CVD. More cost-effective fabrication methods are needed to extend their applications.

Nanomaterial-incorporating aerogel composites are being developed to be used in applications in various fields. Firstly, the aerogel composites can be designed for environmental applications. Hydrophobic aerogel composites can be created from hydrophobic polymers and surfactants as well as surface and chemical modification and can be used as porous sorbents for oil spills. The porosity of the aerogel, along with the incorporation of electrically conductive nanomaterials such as CNTs, carbon nanofibers, graphene, and other inorganic 2D nanomaterials, leads to the possibility of designing aerogels for energy storage applications like supercapacitors and lithium ion batteries. Biomedical applications, such as for drug delivery, tissue scaffolds and wound healing, can benefit from aerogel composites owing to the high loading capacity from the porosity and specific surface area and usage of biocompatible aerogel materials.

It is obvious that nanomaterials have granted aerogels a variety of properties, including robust mechanical properties, flexibility, electrical conductivity that are not available for bulk aerogels. It is expected that more nanomaterials with unique properties will be used in aerogel fabrication. For example, 2D materials beyond graphene will be added in 3D-printing inks to produce aerogels with complex 3D structures. Nanomaterials with high capacitance of charges or lithium ions are required to produce flexible aerogels for the application in energy storage devices. In addition, more rational design of aerogel structures as demonstrated by Duan and coworkers will be further pursued to introduce improved properties into aerogels.
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![Comparison of aerogel fabrication strategies showing typical transitions into an aerogel. (**a**) shows the supercritical drying process where precursor materials undergo gelation prior to supercritical drying. Often, these processes include a solvent exchange step after gelation to provide better fluids for supercritical drying. (**b**) shows a standard freeze-drying technique where an aqueous solution is frozen and the ice crystal formation dictates the alignment of the precursor materials and thus, the resulting pore structure of the dried aerogel.](polymers-11-00726-g001){#polymers-11-00726-f001}

![A typical phase diagram for pure compounds. Two methods are shown for the gel to aerogel transition, indicated by I → II. The solid-gas transition depicts the transition from a frozen gel (I) to the dried porous gel (II) during freeze-drying ([Section 2.2](#sec2dot2-polymers-11-00726){ref-type="sec"}). The transition from a liquid to gas during supercritical drying requires a rise in temperature and pressure (curved arrow from I → II) to avoid crossing the liquid-gas phase boundary ([Section 2.1](#sec2dot1-polymers-11-00726){ref-type="sec"}). This pass into the supercritical region eliminates surface tension and capillary forces.](polymers-11-00726-g002){#polymers-11-00726-f002}

![Schematic depiction of the three main 3D-printing techniques employed for the fabrication of aerogels. (**a**) Stereolithography, where a laser is used to transform the sol to a gel during the printing process; (**b**) ink-jet printing, where a solution is printed into its desired structure prior to observing gelation; and (**c**) direct ink writing, where the gel is formed prior to printing and the gel is extruded in order to achieve the desired structure.](polymers-11-00726-g003){#polymers-11-00726-f003}

![(**a**) Fabrication of CNT aerogels using (P3HT-b-PTMSPMA), (**b**) scanning electron microscopy (SEM) image of the macroporous honeycomb structure of the aerogel with \~100-nm-thick walls, and (**c**) SEM image of the aerogel walls with entangled CNTs. Reprinted from \[[@B56-polymers-11-00726]\] with permission, copyright American Chemical Society, 2010.](polymers-11-00726-g004){#polymers-11-00726-f004}

![The DIW of aerogels in two distinct macrostructures, (**a**) a cube and (**b**) an ear. (**c**) The structural porosity, accounting for pores in the range of 600 μm (green box) and the aerogel porosity, accounting for pores in the range of 20 to 800 μm. Reprinted from \[[@B90-polymers-11-00726]\] under open access license.](polymers-11-00726-g005){#polymers-11-00726-f005}

![Depiction of the DIW of CNF aerogels (**a**) and four different methods of drying (**b**). From left to right, the CNF hydrogel drying procedures are (i) air drying), (ii) air drying in the presence of surfactants, (iii) solvent exchange before drying, and (iv) freeze-drying. (**c**) SEM micrographs of the resulting microstructures of such dried CNF aerogels. Adapted from \[[@B92-polymers-11-00726]\] with permission, copyright John Wiley & Sons, 2016.](polymers-11-00726-g006){#polymers-11-00726-f006}

![The processing schematic of aerogel fabrication via the electrospinning of nanofiber mats. Reprinted from \[[@B102-polymers-11-00726]\] with permission, copyright American Chemical Society, 2018.](polymers-11-00726-g007){#polymers-11-00726-f007}

![(**a**) HTC synthesis of nitrogen-doped carbon nanofiber aerogels; (**b**) image of large-scale quantities of such a product, and (**c**) and (**d**) SEM micrographs of images at different magnifications. Reproduced from \[[@B107-polymers-11-00726]\], copyright Elsevier, 2015.](polymers-11-00726-g008){#polymers-11-00726-f008}

![Schematics and images from the radially grown GO aerogels. (**a**) Illustrates the ice-templating process, (**b**) shows scanning electron microscopy (SEM) images of the radially aligned aerogel, (**c**) illustrates the decreasing width of the radial channels, which decrease from edge to center, and (**d**--**f**) show SEM micrographs of the sections outlined in (**c**). Adapted from \[[@B22-polymers-11-00726]\] with permission, copyright American Chemical Society, 2018.](polymers-11-00726-g009){#polymers-11-00726-f009}

![Reversible compressibility of various graphene aerogels created via DIW. Image (**a**) shows the behavior of a bulk graphene aerogel (31 mg cm^−3^), (**b**) 3D-printed graphene aerogel (16 mg cm^−3^), (**c**) bulk graphene aerogel (123 mg cm^−3^), and (**d**) 3D-printed graphene aerogel (53 mg cm^−3^) using resorcinol-formaldehyde. Reprinted from \[[@B130-polymers-11-00726]\] under open access license.](polymers-11-00726-g010){#polymers-11-00726-f010}

![Schematic of 3D graphene lattice fabrication with photocurable hollow polymer architecture. Adapted from \[[@B31-polymers-11-00726]\] with permission, copyright American Chemical Society, 2018.](polymers-11-00726-g011){#polymers-11-00726-f011}

![Structure design and fabrication of the ceramic aerogel metamaterial. (**a**) Illustration of the metastructure design of ceramic aerogels. The units of the colored scale bars are as follows: kilopascals for NPR and percentage (with strain zoomed by 30 times) for NTEC. (**b**) Illustration of the CVD synthesis process of the double-paned hyperbolic ceramicaerogels. (**c**) An optical image showing an h-BNAG sample resting on the stamen of a flower. (**d**) SEM image of h-BNAG. (**e**) SEM images of the double-pane wall structure of h-BNAGs. Scale bars, 20 nm. Adapted from \[[@B138-polymers-11-00726]\] with permission, copyright the American Association for the Advancement of Science, 2019.](polymers-11-00726-g012){#polymers-11-00726-f012}

![(**a**) A schematic illustration of fabricating hydrophobic cellulose aerogels. (**b**) A picture showing water droplets on the aerogels. (**c**) Pictures showing recovering of an aerogel from compression. Adapted from \[[@B152-polymers-11-00726]\] with permission, copyright the American Chemical Society, 2019.](polymers-11-00726-g013){#polymers-11-00726-f013}

![Optical interrogation of aerogel fabrics' gross and fine structure. Image of a dyed-green water droplet and Iraq oil on the surface of (**a**) TW (6 mm thick) and (**d**) SL (10 mm thick). Insets are images from the WCA measurements. Please note that the TW used is thinner than SL. SEM images of the surfaces of (**b** and **c**) TW and (**e** and **f**) SL, where aerogel particles are visible on the fibers in high-resolution. Reprinted from \[[@B153-polymers-11-00726]\] with permission, copyright American Chemical Society, 2016.](polymers-11-00726-g014){#polymers-11-00726-f014}

![(**a**) Schematic illustration showing the fabrication process of P-GA. (**b,c**) SEM images of the GA (**b**) and P-GA (**c**). (**d**) HRTEM images of P-GA. (**e**) Schematic showing ASC device construction using MnO~2~ and P-GA electrodes. (**f**) Ragone plot reflecting the superiority of P-GA nanostructures over other electrode materials. The inset shows a red LED powered by using two devices connected in series. Reprinted from \[[@B167-polymers-11-00726]\] with permission, copyright American Chemical Society, 2015.](polymers-11-00726-g015){#polymers-11-00726-f015}

![Schematic of the processing of 3D-printed graphene-based composites for supercapacitors. Reproduced from \[[@B174-polymers-11-00726]\] with permission, copyright John Wiley & Sons, 2018.](polymers-11-00726-g016){#polymers-11-00726-f016}

![Scanning electron microscopy (SEM) images of microgel particles printed via IJP of aqueous alginate solutions into baths of CaCl~2~ with (**a**,**c**--**e**) direct or (**b**) sequential solvent exchange. Reproduced from \[[@B200-polymers-11-00726]\] with permission, copyright Elsevier B.V., 2018.](polymers-11-00726-g017){#polymers-11-00726-f017}

![Schematic illustration of the fabrication of 3D hybrid aerogels from polymer nanofibers and bioglass nanofibers. Reprinted from \[[@B192-polymers-11-00726]\] with permission, copyright John Wiley & Sons, 2018.](polymers-11-00726-g018){#polymers-11-00726-f018}

![(**A**) Wound healing study where a--f (top row) show the collagen control aerogel at day 0, 3, 9, 12, 15, and 18 and g−l (bottom row) show the 12% collagen-wheat grass aerogel at day 0, 3, 9, 12, 15, and 18. Image (**B**) shows the wound healing as a percent of wound reduction. Adapted from \[[@B205-polymers-11-00726]\] with permission, copyright American Chemical Society, 2017.](polymers-11-00726-g019){#polymers-11-00726-f019}

polymers-11-00726-t001_Table 1

###### 

Comparison of hydrophobic composite aerogels.

  Materials                                                Contact Angle         Density (g cm^−3^)   Absorption Capacity                             Compressibility   Ref.
  -------------------------------------------------------- --------------------- -------------------- ----------------------------------------------- ----------------- -------------------------------
  Cellulose-based aerogel                                  140°                  0.0196               35 (g/g)                                        80%               \[[@B144-polymers-11-00726]\]
  Polyvinylpolydimethylsiloxane-based aerogels             140--157°             0.02--0.2            1200--1600 (%)                                  \-                \[[@B145-polymers-11-00726]\]
  Polymethylsilsesquioxane-silk fibroin aerogel            135° \< *θ* \< 145°   0.08--0.23           ∼500--2600 g g^−1^ %                            80%               \[[@B146-polymers-11-00726]\]
  Clay composite aerogel with water repellent (WDisRep3)   140°                  0.109                \-                                              \-                \[[@B147-polymers-11-00726]\]
  Magnetic hydrophobic polymer aerogel                     138°                  0.01384              59 to 136 times more than its original weight   \-                \[[@B148-polymers-11-00726]\]
  Silica-silylated aerogel                                 154°                  0.135                \-                                              \-                \[[@B143-polymers-11-00726]\]
  Silica-chitosan aerogel                                  137°                  0.062                30 g/g                                          \-                \[[@B149-polymers-11-00726]\]
  Magnetic polystyrene/graphene aerogel                    142°                  0.005                40 times more than its mass                     \-                \[[@B150-polymers-11-00726]\]
  Natural Cellulose Aerogel (Cotton Source)                142°                  \-                   100--140 g/g                                    \-                \[[@B142-polymers-11-00726]\]

polymers-11-00726-t002_Table 2

###### 

Comparison of the capacitance and stability of select graphene, carbon nanotube, and cellulose aerogel composites for supercapacitor electrodes. \* Areal capacitances reported only. \*\* Values not reported for this paper.

  Carbon Precursor             Modification        Capacitance \[F/g\]   Stability               Test Conditions              Electrolyte     Ref
  ---------------------------- ------------------- --------------------- ----------------------- ---------------------------- --------------- -------------------------------
  Graphene Oxide               Polypyrrole         304                   58%, 50 cycles          0.5 A/g, 3-electrode         6 M KOH         \[[@B168-polymers-11-00726]\]
  Graphene Oxide               PANI Nanowires      520                   89%, 500 cycles         0.25 A/g, 3-electrode        1 M H~2~SO~4~   \[[@B158-polymers-11-00726]\]
  Graphene Oxide               Polyvinyl alcohol   295                   85%, 2000 cycles        1 A/g, 3-electrode           1 M H~2~SO~4~   \[[@B119-polymers-11-00726]\]
  Graphene Oxide               PANI/Co~3~O~4~ NP   1247                  Minimal decrease        1 A/g, 3-electrode           6 M KOH         \[[@B169-polymers-11-00726]\]
  Graphene Oxide               PANI Crosslinker    480                   96.1%                   1 A/g, 3-electrode           1 M H~2~SO~4~   \[[@B172-polymers-11-00726]\]
  Graphene Oxide               PANI-*g*-rGO        1680                  91%, 3000 cycles        1 A/g,3-electrode            6 M KOH         \[[@B159-polymers-11-00726]\]
  Graphene Oxide               SWCNT               246                   97%, 2000 cycles        2.5 A/g, 3-electrode         5 M KOH         \[[@B170-polymers-11-00726]\]
  Microcrystalline Cellulose   Co~2~ Activation    302                   92%, 4000 cycles        0.5 A/g, 3-electrode         6 M KOH         \[[@B89-polymers-11-00726]\]
  Cellulose (Bamboo)           KOH Activation      215                   Not Reported \*\*       0.2 A/g, 3-electrode         6 M KOH         \[[@B166-polymers-11-00726]\]
  CNF (Kraft Softwood)         Ag/PANI NPs         176 mF/cm^2^ \*       Not Reported \*\*       10 mV s^−1^, 2-electrode     1 M H~2~SO~4~   \[[@B156-polymers-11-00726]\]
  CNC (Cotton)                 PPy-NF              1.5                   84%, 2000 cycles        0.2 mA/cm^2^, 3-electrode    Na~2~SO~4~      \[[@B165-polymers-11-00726]\]
  CNC (Cotton)                 PPy-Coated CNT      1.3                   62%, 2000 cycles        0.2 mA/cm^2^, 3-electrode    Na~2~SO~4~      \[[@B165-polymers-11-00726]\]
  CNC (Cotton)                 MnO~2~-NP           1.1                   92%, 2000 cycles        0.2 mA/cm^2^, 3-electrode    Na~2~SO~4~      \[[@B165-polymers-11-00726]\]
  CNF (Kraft Softwood)         PPy coating         215                   97--111%, 2000 cycles   0.19 mA/cm^2^, 2-electrode   LiCl-PVA        \[[@B173-polymers-11-00726]\]

polymers-11-00726-t003_Table 3

###### 

Comparison of select carbon aerogel electrodes for lithium-ion batteries.

  Carbon Precursor        Modification     Anode/Cathode   Capacity \[mA h/g\]   Stability          Testing Conditions     Electrolyte                 Ref.
  ----------------------- ---------------- --------------- --------------------- ------------------ ---------------------- --------------------------- -------------------------------
  Graphene Oxide          TiO~2~/glucose   Anode           605                   33%, 50 cycles     0.1 A/g                1 M LiPF6, EC/DMC           \[[@B176-polymers-11-00726]\]
  Graphene Oxide          MoS~2~           Anode           1200                  95%, 200 cycles    0.1 A/g                1 M, LiPF~6~,EC/DMC         \[[@B155-polymers-11-00726]\]
  Graphene Oxide          MoS~2~           Anode           1298                  99%, 200 cycles    0.1 A/g, 2-electrode   1 M LiPF~6~, EF/DMC         \[[@B175-polymers-11-00726]\]
  Graphene Oxide          PAQS             Cathode         156                   71%, 1000 cycles   0.1 C, 3-electrode     0.1 M NaPF~6~,DME/DOL       \[[@B154-polymers-11-00726]\]
  CNT                     COF              Cathode         67                    Not reported\*     0.5 mV/s               1 M LiPF~6~, EC/DMC         \[[@B189-polymers-11-00726]\]
  Cellulose (Bacterial)   Fe~3~O~4~        Anode           1000                  75%, 100 cycles    0.1 A/g, 2-electrode   1 M LiPF~6~ in EC/DMC/EMC   \[[@B177-polymers-11-00726]\]
  Cellulose (Bacterial)   Fe~2~O~3~        Anode           1195                  Not reported\*     2-electrode            1 M LiPF~6~, EC/DMC         \[[@B178-polymers-11-00726]\]
